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1.  Executive  Summary 


The  present  report  describes  an  investigation  of  high- 
temperature  directionally  solidified  (DS)  eutectic-based 
microcomposites.  The  principal  topics  of  the  present 
report  are  the  results  of  the  investigations  that  have  been 
conducted  in  the  third  year  of  this  project.  Details  of 
earlier  investigations  have  been  described  in  the  first 
and  second  year  annual  reports,  and  have  been  presented 
at  conferences  and  published  in  the  open  literature. 

This  report  describes  the  technical  findings  in  four 
areas: 

1.  An  advanced  niobium-silicide  based  composite 
which  shows  an  attractive  balance  of  high-  and  low- 
temperature  properties,  such  as  fracture  toughness, 
tensile  strength,  creep  performance,  and  oxidation 
behavior. 

2.  Toughening  mechanisms  in  composites  generated 
from  ternary  Nb-Ti-Si  alloys.  The  fracture  behav¬ 
ior  of  these  composites  has  been  studied  using  mono¬ 
tonic  loading  experiments  and  R-curve  measure¬ 
ments.  Fracture  toughness  values  of  >15  MPaVm 
have  been  measured  in  as-DS  composites. 

3.  Microtextures  of  the  silicide  and  metallic  phases  of 
an  in-situ  composite  generated  from  a  ternary  Nb- 
Ti-Si  alloy,  which  has  been  investigated  using  the 
electron  back  scattering  pattern  (EBSP)  technique 
for  electron  diffraction  in  the  scanning  electron  mi¬ 
croscope.  Microtexture  measurements  were  per¬ 
formed  in  order  to  investigate  the  relationship  be¬ 
tween  texture  and  mechanical  properties.These  re¬ 
sults  will  be  reviewed. 

4.  The  most  recent  data  relating  to  the  ternary  Nb-Ti- 
Si  phase  diagram. 


The  composites  that  have  been  investigated  consist  of 
high-strength,  Nb-based  M3Si  and  M5(Si,Al)3  silicides 
together  with  a  modest-strength,  high-toughness  Nb- 
based  metallic  phase  with  a  volume  fraction  of  -50%. 
In  the  DS  condition,  the  best  of  these  composites  can 
have  a  room-temperature  fracture  toughness  of  greater 
than  20  MPaVm,  which  is  a  substantial  improvement 
over  monolithic  intermetallics.  High-temperature  ten¬ 
sile  strength  and  creep  behavior  have  also  been  exam¬ 
ined  in  selected  silicide-based  composites;  tensile 
strengths  of  >350  MPa  at  1200  °C  and  creep  rupture 
lives  of  >500  hours  at  1 100  °C  (100  MPa)  have  been 
measured. 

The  creep  rupture  behavior  of  composites  directionally 
solidified  from  the  advanced  Nb-Ti-Hf-Cr-Al-Si  alloy 
that  was  investigated,  is  similar  to  that  of  an  advanced- 
generation  single-crystal  Ni-based  superalloy, 
CMSXIO.  After  accounting  for  the  reduced  density  of 
the  composite  in  comparison  with  CMSXIO,  the  den¬ 
sity-reduced  stress  rupture  behavior  of  this  composite 
showed  improvement  of  several  Larson-Miller  param¬ 
eters  over  current-generation  advanced  Ni-based  su¬ 
peralloys.  In  addition,  creep  data  on  binary  Nb- 1 6%Si 
composites  in  the  DS  condition  have  been  investigated 
and  indicate  an  order  of  magnitude  reduction  in  the 
creep  rate  in  comparison  with  the  equivalent  extruded 
material.  The  reduced  creep  rate  in  the  DS  composite 
could  be  caused  by  either  a  larger  silicide  grain  size  or 
a  composite  texture. 

This  project  has  been  a  collaborative  effort  by  a  team 
of  researchers  from  General  Electric  Corporate  Re¬ 
search  and  Development  and  Wright  State  University. 
The  findings  of  these  studies  have  been  presented  regu¬ 
larly  at  international  conferences  and  published  in  the 
open  literature,  as  detailed  in  Section  5  of  this  report. 
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2.  Objectives 


The  principal  objective  of  this  research  has  been  to 
investigate  toughening  mechanisms  in  high-strength 
directionally  solidified  microcomposites  with  melting 
temperatures  between  1600  and  2100  °C.  These  com¬ 
posites  consist  of  silicides,  such  as  NbsSi  and  NbsSis, 
and  are  toughened  by  a  Nb-based  solid  solution.  Com¬ 
posites  investigated  have  been  directionally  solidified 
from  model  binary  Nb-Si,  ternary  Nb-Ti-Si  alloys,  and 
higher  order  alloys  containing  Nb,  Si,  Ti,  Hf,  Al,  and 


Cr.  Although  room-temperature  toughness  has  been 
the  principal  topic  of  the  present  investigation,  the  ulti¬ 
mate  application  of  this  effort  is  in  high-temperature 
materials,  and  for  this  reason  only  systems  with  melt¬ 
ing  temperature  above  1600  °C  have  been  studied.  In 
those  systems  that  have  shown  the  most  promising  frac¬ 
ture  toughness,  high-temperature  properties,  such  as 
tensile  strength  and  creep  behavior,  have  also  been  in¬ 
vestigated  . 
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3.  Accomplishments  and  Progress 


3.1  Investigations  of  the  Balance  of  Mechanical  and  Environmental  Properties  of  a 
Multi-Element  Niobium-Niobium  Silicide  Based  In-Situ  Composite 


3.1.1  Introduction 

Nb-Si  in-situ  composites,  which  consist  of  a  Nb-based 
solid  solution  with  Nb3Si  and/or  NbsSis  silicides,  have 
been  shown  to  have  great  potential  as  high-tempera¬ 
ture  structural  materials  because  of  their  attractive  bal¬ 
ance  of  high-  and  low-temperature  mechanical  proper¬ 
ties  [1-9].  Unfortunately,  the  composites  from  binary 
Nb-Si  alloys  have  very  poor  oxidation  resistance,  and 
generally,  elements  that  are  added  to  these  composites 
to  improve  oxidation  resistance  compromise  their  high- 
temperature  mechanical  properties  [4] .  The  present  sec¬ 
tion  describes  an  analogous  in-situ  composite  gener¬ 
ated  from  a  more  complex  Nb-Ti-Hf-Si-Al-Cr  alloy; 
this  composite  offers  an  improved  balance  of  mechani¬ 
cal  properties  and  oxidation  resistance. 

This  composite  consists  of  high-strength,  high-melt- 
ing-temperature  Nb-based  silicides  together  with  a 
high-melting-temperature,  modest-strength,  high¬ 
toughness  Nb-based  metallic  phase.  The  composition 
of  the  alloy  that  was  directionally  solidified  to  gener¬ 
ate  this  composite  was  Nb-24.7Ti-8.2Hf-2.0Cr-l.9Al- 
16.0Si  (all  compositions  are  given  in  atom  per  cent). 
Throughout  the  present  section  this  composite  will  be 
referred  to  as  the  metal  and  silicide  composite  (MASC). 
This  composition  was  based  on  the  binary  Nb-16%Si 
composition  [7-10];  Ti  and  Hf  were  added  to  improve 
the  oxidation  resistance  [11].  Subramanian  et  al.  [4] 
and  Jackson  et  al.  [11]  reported  that  the  oxidation  re¬ 
sistances  of  both  the  single-phase  silicide  and  metallic 
phases  were  improved  by  partial  substitution  of  Ti  for 
Nb.  Cr  and  Al  also  improve  the  oxidation  resistance  of 
both  the  metallic  and  silicide  phases  [12].  Ti  was  also 
added  to  improve  the  intrinsic  ductility  of  the  metallic 
phase  (and  therefore  potentially  the  composite  tough¬ 
ness).  Ti  additions  have  the  disadvemtage  of  reducing 
the  alloy  melting  temperature,  and  thus  the  strengths  of 
these  Ti-modified  monolithic  metals  make  them  more 
suitable  for  sheet  structures  in  engines,  rather  than  for 
airfoils  [1 1,12].  Hf  is  added  because  it  is  a  strong  solid 
solution  strengthener  of  the  Nb-based  metallic  phase 
[  1 1  ] .  All  elements  partition  to  varying  degrees  between 
the  different  phases  of  the  composite  [2],  and  this  was 
taken  into  consideration  in  designing  the  alloy  from 
which  the  present  composite  was  derived. 


The  present  section  describes  microstructures,  phase 
chemistries,  mechanical  properties  and  oxidation  be¬ 
havior  of  the  MASC.  Creep  rupture  properties  and  oxi¬ 
dation  data  are  compared  with  those  of  the  most  recent 
Ni-based  superalloys.  Those  mechanical  property  mea¬ 
surements  which  are  discussed  include  room  tempera¬ 
ture  fracture  toughness,  R-curve  measurements,  ten¬ 
sile  strength  from  room  temperature  to  1200  °C,  and 
tensile  creep  data  at  1100  °C.  The  thermal  expansion 
and  modulus  of  elasticity  of  the  composite  were  also 
measured  at  temperatures  from  room  temperature  to 
1200  °C. 

3.1 .2  Experimental 

3. 1.2. 1  Directional  Solidification 

Alloys  from  which  the  in-situ  composite  samples  were 
generated  were  prepared  using  high  purity  (99.99%) 
elements  and  were  induction  levitation  melted  in  a  seg¬ 
mented  water-cooled  copper  cracible  [  1 0, 1 3] .  The  melt¬ 
ing  temperature  of  the  alloy  from  which  the  MASC 
was  generated  was  1760  °C,  as  measured  using  a  2- 
wavelength  optical  pyrometer  which  was  calibrated 
against  99.9%  pure  Ti.  Induction  levitation  melting  and 
directional  solidification  were  performed  under  an  at¬ 
mosphere  of  ultrahigh-purity  argon  in  order  to  prevent 
contamination  with  interstitials.  Samples  (~10  mm  di¬ 
ameter  and  -75  mm  long)  were  directionally  solidified 
by  the  Czochralski  method  at  constant  rates  of  5  mm/ 
min.  The  process  has  been  described  in  further  detail 
elsewhere  [1 0, 1 3] .  Conventional  microscopy  and  elec¬ 
tron  beam  microprobe  analysis  were  performed  to  char¬ 
acterize  phase  chemistries. 

3. 1.2.2 Mechanical  Properties 

Fracture  Toughness  Measurements 

Single-edge  notched  bending  specimens  (SENB)  for 
fracture  toughness  measurements  were  prepared  by 
electro-discharge  machining  (EDM)  so  that  their  lon¬ 
gitudinal  axis  was  parallel  to  the  growth  direction.  The 
SENBs  were  then  surface  ground  to  the  finished  di¬ 
mensions  (nominally  33  mm  x  6  mm  x  3  mm)  to  re¬ 
move  the  EDM  re-cast  layer.  The  bars  were  notched  at 
their  midpoints  using  a  50  |im  wire  and  EDM. 
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Fracture  toughness  measurements  were  performed  us¬ 
ing  monotonic  loading  and  four  point  bending  using  a 
cross-head  speed  of  4.2  x  10'^  mms'^  The  procedures 
provided  by  ASTM  standard  E-399  [14]  were  em¬ 
ployed,  the  only  point  of  deviation  from  ASTM  E-399 
being  the  omission  of  fatigue  pre-cracking.  For  this 
reason,  the  toughness  values  for  monotonic  loading 
experiments  are  reported  as  Kq  rather  than  Kjc-  R-curve 
measurements  were  also  performed  on  additional 
samples  following  the  ASTM  standard  E-56 1 -94.  [15]. 
R-Curve  measurements  were  performed  in  four  point 
bending,  but  with  a  slower  cross-head  speed  of  2.5  x 
10"^  mm/s,  in  displacement  control  mode.  The  crack 
opening  displacement  (COD)  was  monitored  using  an 
Instron  double  cantilever  beam  type  COD  gage.  After 
each  loading  increment,  the  crack  length  on  the  outside 
of  the  specimen  was  also  measured  when  the  crack  was 
fully  arrested  using  an  optical  microscope  mounted  on 
the  cross-head. 

Tensile  and  Creep  Rupture  Testing 

Tensile  testing  was  performed  in  a  vacuum  of  -lO’'* 
Torr  using  a  2  mm  diameter  gauge,  a  10.7  mm  long 
uniform  diameter  button-head  tensile  specimen,  and 
an  initial  strain  rate  of  8  x  10‘^s'^  The  tensile  speci¬ 
mens  were  prepared  by  surface  grinding  of  the  as-DS 
samples  so  that  the  growth  direction  was  parallel  to  the 
axis  of  the  tensile  bar.  The  improved  toughness  of  the 
DS  composite  allowed  centerless  grinding  of  the  ten¬ 
sile  testing  samples. 

Modulus  and  Expansion  Measurements 

Dynamic  elastic  moduli  were  measured  in  air  at  room 
temperature  and  in  an  atmosphere  of  flowing  argon  at 
100  °C  temperature  intervals  up  to  1200  °C.  The 
samples  were  machined  by  first  EDM’ing  and  then 
centerless  grinding  to  final  dimensions.  The  sample 
was  machined  so  that  the  longitudinal  axis  was  parallel 
to  the  growth  direction,  the  sample  being  nominally 
2.5  mm  in  diameter  and  25  mm  in  length.  Sample 
weights  and  dimensions  were  measured,  and  a  trans¬ 
ducer  connecting  rod  of  a  Ni-W  alloy  was  welded  to 
the  end  of  the  sample.  Longitudinal  ultrasonic  waves 
were  passed  from  the  connecting  rod  along  the  sample 
axis  and  were  reflected  at  the  far  end  of  the  sample. 
The  modulus  was  calculated  based  on  the  velocity  of 
the  wave  through  the  sample. 

The  thermal  expansion  behavior  of  the  MASC  from 
room  temperature  to  1250  °C  was  measured  in  a  flow¬ 
ing  argon  atmosphere  using  a  differential  dilatometer. 


This  measurement  was  performed  on  a  25  mm  long  pin 
with  a  square  cross  section  of  2.5  mm  on  a  side.  The 
sample  was  machined  by  first  EDM’ing  to  the  approxi¬ 
mate  dimensions  and  then  centerless  grinding  to  final 
dimensions,  so  that  the  longitudinal  axis  of  the  sample 
was  parallel  to  the  growth  direction.  A  standard  sample 
of  high-purity  alumina  was  run  in  tandem  with  the 
MASC  sample,  so  that  the  axial  expansion  could  be 
determined.  The  standard  and  the  MASC  were  heated 
at  a  rate  of  1 0  °C/min  in  the  dilatometer  capsule,  which 
was  inserted  into  a  furnace  with  MoSi2  heating  ele¬ 
ments.  The  standard  and  the  sample  lengths  were  mea¬ 
sured  at  a  sampling  rate  of  several  times  per  second, 
with  the  measurement  and  temperature  recorded  when¬ 
ever  the  sample  length  changed  from  the  previous  mea¬ 
surement.  Similar  data  were  taken  during  cooling,  but 
the  constant  cooling  rate  of  10  °C/minute  could  only 
be  maintained  to  temperatures  of  about  800  °C,  where 
forced  cooling  would  be  required  to  maintain  the  cool¬ 
ing  rate.  Only  data  determined  on  heating,  and  not  cool¬ 
ing,  are  reported. 

3. 1.2.3  Oxidation  Testing 

Isothermal  oxidation  tests  were  performed  at  1000, 
1200,  and  1400  °C,  in  a  static  air  MoSi2-resist£mce 
heated  furnace.  Periodic  removal  from  the  furnace  (at 
1 , 2, 4, 25, 50, 100, 1 50,  and  200  hours,  or  until  the  test 
was  terminated  because  of  visual  observation  of  gross 
material  loss)  was  performed  to  determine  weight 
change  per  unit  area.  The  samples  were  machined  by 
first  EDM’ing  and  then  centerless  grinding  to  final  di¬ 
mensions,  so  that  the  longitudinal  axis  was  parallel  to 
the  growth  direction,  the  sample  being  nominally  2.5 
mm  in  diameter  and  25  mm  in  length.  Metallography 
was  performed  at  the  termination  of  testing  to  estimate 
by  interpolation  or  extrapolation  the  approximate  ma¬ 
terial  loss  after  100  hours  of  exposure. 

3.1.3.  Results  and  Discussion 

3. 1.3. 1  Microstructures  and  Phase  Chemistries 

Figure  3.1.1  shows  a  typical  scanning  electron  micro¬ 
graph  (backscatter  electron  (BSE)  imaging)  of  a  longi¬ 
tudinal  section  of  the  composite  microstructure.  It  con¬ 
tained  both  metallic  and  MsSi  intermetallic  dendrites, 
a  small  amount  of  an  MsSIb  intermetallic,  and  an 
interdendritic  eutectic  of  MsSi  intermetallic  and  metal 
(where  M  represents  Nb,  Ti,  and  Hf).  In  this  regard  it  is 
entirely  analogous  to  hypereutectic  binary  Nb-Si  and 
ternary  Nb-Ti-Si  composites  reported  previously  [16]. 
However,  in  the  alloy  design  for  the  MASC,  no  MsSis 
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Figure  3.1.1.  Micrographs  of  the  longitudinal  section  oftheDS  Nb-24.7Ti-16Si- 
8.2Hf-2Cr-1.9AI  composite  (MASC). 


was  expected.  A  typical  microstructure  of  a  ternary 
composite  is  shown  in  Figure  3 . 1 .2;  it  consists  of  inter¬ 
penetrating  dendrites  of  the  composite  phases,  with 
dendrite  cross-sections  on  the  order  of  5  to  50  |im  wide. 
The  MsSi  dendrites  possessed  the  distinctive  faceted 
morphology  that  has  been  reported  previously  in  the 
binary  hypereutectic  binary  Nb-Si  alloys  and  the  ter¬ 
nary  Nb-Ti-Si  composites  [  1 0, 1 6] .  However,  in  the  case 
of  the  MASC,  Hf  segregation  results  in  only  small  dif¬ 
ferences  in  the  average  atomic  weight  of  the  different 
phases,  so  it  is  difficult  to  obtain  significant  contrast 
between  them  using  BSE  imaging.  The  metallic  and 
intermetallic  dendrites  of  the  MASC  were  aligned  with 
the  growth  direction.  The  volume  fraction  of  the  me¬ 
tallic  phase  was  54%.  The  average  dendrite  size  of  the 
metallic  phase,  including  the  secondary  arms,  was 
~24  pm. 

Phase  Chemistries 

Electron  microprobe  analysis  confirmed  that  the  com¬ 
posite  consisted  of  three  phases: 

•  A  metallic  phase  containing  Nb,  Ti,  Hf,  Si,  A1  and  Cr 

•  An  MsSi  silicide  phase 

•  An  M5(Si,Al)3  type  phase 

The  composition  ranges  observed  in  the  three  phases 
are  shown  in  Table  3.1.1.  The  Si  concentrations  of  the 
MsSi  and  MsSis  silicides  were  close  to  the  stoichio¬ 
metric  values. 

Figure  3.1.3  shows  a  typical  electron  microprobe  scan 
perpendicular  to  the  composite  growth  direction.  The 


Ti  concentration  profile  was  approximately  uniform 
across  the  dendrites  perpendicular  to  the  growth  direc¬ 
tion,  but  there  was  some  reduction  in  the  Ti  concentra¬ 
tion  in  the  interdendritic  regions.  There  was  strong  Hf 
segregation  from  the  metallic  phase  to  the  M5(Si,Al)3 
and  M3Si  silicides.  The  Hf  partitioning  results  observed 
were  5%  Hf  in  the  metallic  phase,  8%  Hf  in  M3Si,  and 
12.5%  Hf  in  M5(Si,Al)3.  The  bulk  Hf  composition  in 
the  alloy  was  nominally  8.2%.  The  Nb:Ti  ratio  was 
~2:1  in  the  metallic  phase.  In  the  M5(Si,Al)3,  the 
Nb:Ti:Hf:Si  ratio  was  2:2:1 :3.  Very  low  concentrations 
of  A1  and  Cr  were  observed  in  both  the  M3Si  and 
M5(Si,At)3  silicides. 

3. 1.3.2  Mechanical  Properties 

Fracture  Toughness 

Room-temperature  fracture  toughness  values  of  Kq  of 
1 8.2-23.3  MPaVm  were  measured  for  monotonic  load¬ 
ing.  Similar  values  of  Kjc  were  obtained  from  R-curve 
measurements.  These  are  higher  levels  of  fracture 
toughness  than  those  reported  previously  in  DS  inter- 
metallic-based  composites.  R-curve  measurements  are 
shown  in  Figure  3.1.4,  together  with  lines  of  stress  in¬ 
tensity  versus  crack  length  at  constant  load.  Typically, 
the  initiation  toughness  values  for  the  MASC  were  7  to 
13  MPaVm,  and  the  Kic  values  were  19-22  MPa"^m. 
The  variation  in  stress  intensity  for  crack  initiation  may 
have  been  dependent  upon  the  position  of  the  notch  tip 
with  respect  to  the  intermetallic  or  metallic  phase. 

Examination  of  the  data  after  R-curve  measurements 
indicates  that  the  composite  clearly  exhibited  R-curve 


(b) 


figure  3.1.2.  Typical  scanning  electron  micrographs  of  (a)the  longitudinal,  and  (b)  the  transverse  sections  ofa  DS  Nb-SSfi- 
16Si  composite  consisting  of  NbCfi.Si)  and  (Nb.TlIsSi.The  structure  consists  of  non-faceted  NblTi,  Si)  dendrites,  which  is  the 
lighter  phase  in  these  BSE  micrographs,  together  with  large-scale  (~  50  |jm)  faceted  (Nb,Ti)3Si  dendrites. 


Table  3.1.1.  Composition  ranges  observed  in  the  individual  phases  of  the  DS  MASC  (atom  %). 
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Figure  3.1.3.  Microprobe  scans  perpendicularto  the  growth  direction  showing  the  Nb,  and  Si  concentration  profiles 
perpendiculartothe  dendrites. 


Crack  Length,  a  (mm) 

Figure  3.1.4.  R-curve  behavior  of  the  DS  MASC. 
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behavior,  the  resistance  to  crack  growth  increased  with 
increasing  crack  length.  The  measured  R-curves  ex¬ 
tend  beyond  the  point  of  instability  because  the  test 
was  performed  using  displacement  control  rather  than 
load  control.  These  R-curve  fracture  toughness  mea¬ 
surements  were  consistent  with  those  from  the  mono¬ 
tonic  loading  experiments.  These  R-curves  are  similar 
to  those  reported  previously  in  binary  Nb-10%Si  in-situ 
composites  that  have  displayed  a  Kic  of  >20  MPaVm  in 


the  single  and  double  extraded  conditions  [8] . 

Figure  3.1.5  shows  fracture  surfaces  of  the  DS  MASC. 
The  fracture  surfaces  were  similar  for  both  monotonic 
loading  experiments  and  R-curve  measurements.  The 
fracture  surfaces  were  highly  convoluted  and  consis¬ 
tent  with  a  high  work  of  fracture.  The  higher  magnifi¬ 
cation  fractograph  shows  that  metallic  dendrites  failed 
in  a  ductile  manner,  and  were  pulled  out  of  the  matrix. 
The  metallic  phase  between  the  silicide  dendrites  was 


also  pulled  to  a  chisel  point,  and  microcracking  of  the 
silicide  matrix  was  observed.  All  of  the  MbSI  and  M5Si3 
intermetallic  dendrites  failed  by  cleavage.  This  sug¬ 
gests  that  the  majority  of  the  toughness  is  provided  by 
the  metallic  phase,  although  microcracking  and  inter¬ 
face  debonding  may  also  make  significant  toughening 
contributions. 

The  crack  path  was  also  examined  in  a  partially  frac¬ 
tured  bar  that  was  unloaded  prior  to  unstable  crack 
growth.  Crack  deflection  and  crack  multiplication  were 
evident.  The  fracture  path  shows  distinct  offsetting  of 
the  crack  path  and  lateral  crack  propagation  parallel  to 
the  directional  solidification  direction  where  the  crack 
intersected  the  intermetallic  dendrites.  Thus,  the  inter¬ 
metallic  dendrites  do  play  an  important  role  in  tough¬ 
ening  the  composite.  At  higher  magnifications  crack 
bridging  and  crack  blunting  were  observed. 

High-Temperature  Strength 

The  composite  tensile  stress  is  shown  as  a  function  of 
temperature  in  Figure  3.1.6  and  Table  3.1.2.  The  ten¬ 
sile  fracture  stress  was  -750  MPa  at  room  temperature 
and  370  MPa  at  1200  °C.  At  1200  °C  the  scatter  in  the 
yield  stress  was  -20  MPa.  However,  several  hundred 
MPa  scatter  was  observed  in  the  room  temperature  frac¬ 
ture  stress  measurements;  this  is  probably  due  to  the 
flaw  sensitivity  of  the  fracture  stress  of  this  composite 
at  room  temperature.  At  1 200  °C  an  elongation  of  1 9% 
was  measured,  indicating  significant  plastic  deforma¬ 
tion  of  both  the  metallic  and  silicide  phases.  Mono¬ 
lithic  alloys  of  similar  compositions  to  the  metallic 


phase  of  the  composite  have  a  yield  strength  of  less 
than  55  MPa  at  1 200  °C  [  1 2] .  Thus,  the  composite  pos¬ 
sesses  substantially  improved  tensile  properties.  In  com¬ 
parison  with  monolithic  intermetallics,  the  strength  re¬ 
tention  of  this  composite  at  elevated  temperatures  is 
very  encouraging.  At  room  temperature,  the  metallic 
phase  provides  the  composite  with  improved  tough¬ 
ness,  whereas  at  elevated  temperatures  (>1000  °C)  the 
silicide  phases  maintain  its  strength.  The  volume  frac¬ 
tion  of  silicide  in  the  above  composite  can  be  increased 
to  improve  the  high-temperature  strength  and  oxida¬ 
tion  resistance,  but  this  may  compromise  the  attractive 
room-temperature  toughness. 

Density-normalized  bending  strength/temperature  data 
have  been  reported  previously  for  Nb-42.5Ti- 1 5Si,  Nb- 
40Ti-15Si-5Al  [14],  and  binary  Nb-lOSi  composites 
[6].  The  binary  Nb-lOSi  composite  showed  bending 
strength  levels  at  1200  °C,  similar  to  the  tensile 
strengths  reported  in  Nb-Ti-Hf-Cr-Al-Si  alloy  compos- 


Table3.1.2.  Tensile  strength  of  the  MASCasa 
function  of  temperature. 
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figure  3.1.6.  Tensile  strength  of  the  Nb-Ti-Hf-Cr-AI-Si  composite  as  a  function  of  temperature  showing  the  improvement  of 
high-temperature  strength  over  Laves  phase-based  composites  with  similar  intermetallic  volume  fractions. 
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ites  (350  MPa)  [6] .  However,  the  reductions  in  the  high- 
temperature  strength  levels  displayed  in  ternary  Nb- 
Ti-Si  and  quaternary  Nb-Ti-Si-Al  are  not  experienced 
by  the  MASC.  This  suggests  that  Hf  additions  can  have 
a  powerful  effect  on  both  high-temperature  strength 
and  oxidation  resistance.  Details  of  the  strengthening 
mechanism  are  the  subject  of  further  research. 

Creep  Rupture  Behavior 

Figure  3.1.7  compares  the  secondary  creep  rates  of  the 
MASC  with  those  of  a  range  of  high-temperature  alloys, 
including  Ni-base  PWA1480,  Mo  TZM,  and  monolithic 
commercial  Nb-based  alloys  (B-66  and  Cl 29 Y).  Tensile 
creep  data  of  the  MASC  are  shown  in  Table  3.1.3.  The 
composite  creep  rates  are  more  than  an  order  of  magni¬ 
tude  lower  than  those  of  B-66  and  C 1 29  Y.  The  secondary 


tensile  creep  rates  at  1 100  °C  and  105  and  140  MPa  are 
similar  to  the  compressive  creep  rates  measured  in  binary 
Nb-16%Si  composites  at  1200  °C  [3, 17, 18].  The  stress 
sensitivity  of  the  creep  rate  in  the  MASC  is  substantially 
lower  than  for  Mo  TZM . 

The  creep  rupture  behavior  of  the  Nb-Ti-Hf-Cr-Al-Si 
composite  is  shown  in  the  Larson-Miller  plot  in  Figure 
3.1.8(a),  and  is  compared  to  a  current  generation  single 
crystal  Ni-based  superalloy,  CMSX4,  and  an  advanced 
generation  single-crystal  Ni-based  superalloy, 
CMSXIO  [2].  At  1100  °C  and  105  MPa,  the  rupture 
life  was  greater  than  500  hours.  Stresses  higher  than 
105  MPa  led  to  shorter  rupture  times  at  either  1000  or 
1 1 00  °C.  The  stress  mpture  behavior  is  also  shown  in 
Figure  3.1.8(b),  accounting  for  the  reduced  density  of 
the  composite  in  comparison  with  CMSX4  and 


10  50  100  200 

Stress  (MPa) 

Figure3.1.7.  Comparison  of  secondary  creep  rates  of  the  complex  DSsilicide-based  composite  at  1100  °C 
with  the  compressive  creep  behavior  of  monolithic  NbsSis  and  with  Nb-NbsSia  binary  composites  [17]. 
Compressive  creep  behavior  of  several  commercial  high-temperature  alloys  is  included.  Creep  to  1% 
strain  in  50  hours  is  indicated  by  the  horizontal  line. 

Table3.1.3.  Tensile  creep  data  (rupture  life,  secondary  creep  rates,  and  strain  to  failure)  of 
the  MASC  at  1000  and  11 00  °C. 


Temperature  :  Stress 
(°C)  ;  (MPa) 

Rupture  Life 
(hours) 

Creep  Rate 
(s’l) 

Ef 

(%) 

1100  :  140 

35 

1.7x10-7 

7 

1100:  105 

584,  524 

9.3x10-9 

9.1,  11 

1000  :  175 

129,  212 

2.9x10-8 

4.5, 6.0 
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CMSXIO.  Figure  3.1.8(b)  illustrates  the  increase  in 
specific  rupture  performance  that  results  from  the  sub¬ 
stantial  reduction  in  density  of  the  MASC  compared  to 
the  third-generation  single  crystal  superalloy.  In  sum¬ 
mary,  the  stress  rupture  behavior  of  the  MASC  is  simi¬ 
lar  to  that  of  advanced  single-crystal  Ni-based  superal¬ 


loys  under  similar  test  conditions,  and  thus,  after  ac¬ 
counting  for  the  lower  density  of  the  MASC,  the  creep 
behavior  is  very  promising.  In  addition,  to  date  only  a 
small  range  of  such  composites  has  been  evaluated. 
The  rupture  behavior  that  will  be  required  for  future 
applications  will  be  well  beyond  any  behavior  observed 


(a) 


Larson-Miller  Parameter  (R,  h) 


(b) 


Figure  3.1 .8.  Stress  rupture  behavior  of  the  DS  MASC  is  compared  to  that  of  second- and  third- 
generation  single  crystal  Ni-based  superalloys  [4]  in  Larson-Miller  plots  (C=20)  where  the 
temperature-time  parameter  is  plotted  against  (a)  rupture  stress  or  (b)  rupture  stress/material 
density.  Stress  rupture  testing  was  performed  in  argon. 
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thus  far.  Current  estimates  are  that  ultimately  an  80- 
fold  increase  over  current  rupture  lives  may  be  required 
for  successful  application  of  the  intermetallic-based 
composites. 

Physical  Properties 

The  modulus  at  room  temperature  was  165  GPa,  and  it 
decreased  approximately  linearly  with  increasing  tem¬ 
perature  to  140  GPa  at  1200  °C,  as  shown  in  Figure 
3.1.9(a).  In  comparison,  monolithic  NbsSis  has  been 
reported  to  have  a  modulus  of  170-210  GPa  at  room 
temperature.  Thus,  the  modulus  value  of  140  GPa  for 
the  composite  at  1200  °C  is  very  promising.  Typical 


modulus  values  for  a  third-generation  Ni-based  super¬ 
alloy  at  1 100  °C  are  75-83  GPa  in  the  <001>  and  210 
GPa  in  the  <1 1 1>.  The  specific  modulus  of  the  com¬ 
posite  at  1200  °C  is  probably  greater  than  that  of  Ni- 
based  superalloys,  but  the  anisotropy  of  the  composite 
modulus  needs  to  be  investigated  in  further  detail. 

The  total  expansion  to  1250  °C  is  shown  in  Figure 
3.1.9(b)  The  thermal  expansion  of  the  composite  is  ap¬ 
proximately  linear  over  this  temperature  range  with  a 
coefficient  of  10.45  x  10'^/°C.  Previously  monolithic 
binary  NbsSis  and  ternary  (Nb,  Ti)5Si3  silicides  were 
reported  to  have  expansion  coefficients  of  ~  9.0x10-6/ 
°C  over  this  temperature  range  [11].  Typically,  the  ther- 
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figure  3.1.9.  Measurements  of  (a)  room  temperature  elastic  modulus  and  (b)linearthermal  expansion  from  23°C  to  1250  °C. 
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mal  expansion  of  a  monolithic  alloy  of  a  similar  com¬ 
position  to  the  metal  phase  of  this  composite  is  ~9.4  x 

io-6/°c. 

These  results  suggest  that  the  expansion  mismatch  be¬ 
tween  the  metal  and  the  intermetallics  over  this  tem¬ 
perature  range  is  relatively  small.  Thus,  it  is  expected 
that  the  thermal  ratcheting  between  the  phases  will  be 
negligible,  and  the  interface  between  composite  phases 
will  not  suffer  excess  stress  during  thermal  cycling. 

3. 1.3.3  Oxidation  Behavior 

Oxidation  behavior  at  1000  and  1200  °C  has  been  in¬ 
vestigated  for  a  number  of  Nb-based  intermetallics  and 
refractory  metal  intermetallic  composites  [2] .  The  oxi¬ 
dation  behavior  of  the  MASC  at  1200  °C  is  shown  in 
Figure  3.1.10.  Subramanian,  et  al.  [4]  have  reported 
similar  oxidation  performance  for  several  ternary  and 
quaternary  silicide-based  composites.  The  oxidation 
behavior  of  the  MASC  was  also  compared  with  the 
oxidation  behavior  of  similar  arc-cast  silicides  with 
volume  fractions  of  metal  ranging  from  30  to  70%.  On 
the  basis  of  oxidation  performance,  increasing  the  sili- 
cide  volume  fraction  to  70%  is  highly  beneficial.  Pack- 
siliciding  of  the  DS  material  also  leads  to  a  further 
improvement  in  the  oxidation  behavior.  These  oxida¬ 
tion  data  at  1200  °C  show  a  substantial  improvement 
over  that  of  binary  Nb-NbsSis  composites  [2],  but  the 
oxidation  resistance  of  this  composite  requires  further 


improvement.  No  pesting-type  behavior  (oxidation  re¬ 
sistance  dependent  on  stress  and  the  defect  content  of 
the  test  sample)  was  observed  in  any  of  these  oxidation 
tests.  At  1400  °C  and  above,  oxidation  is  catastrophic. 

A  comparison  of  oxidation  performance  for  the  DS 
MASC  and  Ni-based  superalloys  is  shown  in  Figure 
3.1.11.  The  Laves  refractory  metal  in-situ  composites 
were  better  than  the  silicide  MASC  shown.  The  DS 
MASC  shows  material  losses  at  rates  intermediate  be¬ 
tween  the  rapid  losses  of  an  older  superalloy  like  IN 
738  and  the  improved  oxidation  behavior  of  third-gen¬ 
eration  single  crystal  superalloys.  The  horizontal  dashed 
arrow  in  Figure  3.1.1 1  indicates  the  goal  behavior  for 
the  present  study,  where  component  surface  tempera¬ 
tures  may  be  1370  °C.  This  goal  is  derived  from  cur¬ 
rent  superalloy  capabilities.  If  superalloys  can  survive 
with  surface  temperatures  of  1 150  °C,  then  the  rate  of 
metal  loss  for  the  best  superalloys  at  that  temperature, 
~25  |im/100  hours,  is  a  reasonable  goal  for  the  refrac¬ 
tory  metal  in-situ  composites  at  their  maximum  sur¬ 
face  temperature.  Even  if  the  goal  of  <25  |am  loss/ 1 00  h 
at  1370  °C  is  met,  the  refractory  metal  in-situ  compos¬ 
ites  will  need  protective  coatings,  just  as  do  today’s 
superalloys. 

3.1.4.  Summary 

The  present  study  describes  a  very  high-temperature 
refractory  metal-silicide  composite  system  which  has 


Figure  3.1.10.  Oxidation  behavior  of  the  DS  MASC,  together  with  other  similar  silicide-based  composites  with  volume 
fractions  of  silicide  in  the  range  30-70%. 
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Figure  3.1.11  Material  losses  in  oxidation  of  Nb-based  Ti-modified  silicide  composites  are  comparable  to  less  oxidation- 
resistant  Ni-based  superalloys,  such  as  IN738. 


improved  high-temperature  properties  over  the  most 
advanced  single  crystal  Ni-base  alloys.  This  compos¬ 
ite  combines  high-strength,  low-toughness  silicides 
with  a  lower-strength,  high-toughness  Nb-based  me¬ 
tallic  phase  in  order  to  generate  a  composite  that  has 
improved  high-temperature  and  low-temperature  me¬ 
chanical  properties.  Room-temperature  fracture  tough¬ 
ness  values  of  >20  MPaVm  were  measured  with  a  ten¬ 
sile  strength  of  >350  MPa  at  1200  °C.  The  stress  rup¬ 
ture  behavior  of  the  MASC  is  similar  to  that  of  ad¬ 
vanced  single  crystal  Ni-based  superalloys  under  simi¬ 
lar  test  conditions,  and  thus,  after  accounting  for  the 
lower  density  of  the  MASC,  there  is  an  increase  in  the 
stress  rupture  behavior  of  more  than  one  Larson-Miller 
parameter.  The  density  is  approximately  25%  less  than 
that  of  third-generation  single-crystal  superalloys.  The 
composite  has  an  elastic  modulus  of  -140  GPa  at 
1200  °C. 

Both  the  metallic  and  silicide  phases  are  designed  for 
improved  high-temperature  environmental  resistance; 
however,  further  improvements  in  the  high-tempera¬ 
ture  oxidation  resistance  are  required.  The  DS  MASC 
shows  material  losses  at  rates  intermediate  between 
the  rapid  losses  of  an  older  superalloy  like  IN  738  and 


the  improved  oxidation  behavior  of  third-generation 
single  crystal  superalloys,  without  any  posting  behav¬ 
ior. 
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3.2  Fracture  Behavior  of  Ternary  Alloy  Nb-Ti-Si  In  Situ  Composites 


3.2.1  Introduction 

The  addition  of  Ti  to  binary  Nb-Si  based  two-phase  in- 
situ  composites  is  very  attractive  because  Ti  reduces 
oxygen  embrittlement  and  the  metal  recession  rates  of 
the  constituent  phases  during  exposure  at  elevated  tem¬ 
peratures  [1,2].  The  addition  of  Ti  to  binary  Nb-Si  based 
composites  also  has  an  important  effect  on  toughness 
[1-6].  The  aim  of  the  present  study  is  to  describe  the 
effect  of  Ti  additions  to  DS  Nb-Nb3Si  composites  on 
the  microstructure  and  fracture  toughness.  Ti  additions 
also  have  an  important  effect  on  the  phase  equilibria; 
this  topic  is  discussed  in  more  detail  in  Section  3.4. 

In  the  present  study  ternary  Nb-Ti-Si  alloys  with  Ti 
concentrations  from  21  to  45%,  and  Si  concentrations 
from  10  to  25%,  were  directionally  solidified  to  gener¬ 
ate  aligned  two-  and  three-phase  composites  contain¬ 
ing  a  Nb  solid  solution  with  Nb3Si  and  Nb5Si3  sili- 
cides.  This  section  focuses  on  the  fracture  behavior  of 
these  DS  composites.  The  effect  of  Nb:Ti  ratio  (at  con¬ 
stant  Si  concentration)  on  the  room  temperature  frac¬ 
ture  toughness  is  examined.  The  effect  of  Si  concentra¬ 
tion  at  a  constant  equal  Nb:Ti  ratio  is  also  discussed, 
since  this  has  an  important  effect  on  the  volume  frac¬ 
tion  of  metallic  phase  in  the  composite.  The  effect  of 
test  temperatures  of  -196  and  500  °C  on  the  fracture 
toughness  is  also  described.  The  room  temperature  frac¬ 
ture  toughness  measurements  of  Nb-Ti-Si  ternary  al¬ 
loys  are  compared  with  binary  Nb-Si  alloys  of  similar 
Si  concentrations  and  volume  fractions.  In  the  present 
section,  the  Nb5Si3  with  Ti  in  solid  solution  is  referred 
to  as  Nb(Ti)5Si3,  and  the  Ti5Si3  with  Nb  in  solid  solu¬ 
tion  is  referred  to  as  Ti(Nb)5Si3.  The  Nb3Si  with  Ti  in 
solid  solution  is  referred  to  as  (Nb,Ti)3Si,  and  simi¬ 


larly,  the  Nb  with  Ti  and  Si  in  solution  is  referred  to  as 
Nb(Ti,Si). 

A  schematic  diagram  of  the  projection  of  the  liquidus 
surface  of  the  metal-rich  end  of  the  Nb-Ti-Si  phase 
diagram  is  shown  in  Figure  3.2.1  [3,5,6].  The  first  im¬ 
portant  feature  is  the  eutectic  trough  from  the  Nb-Si 
binary  at  Nb-18.2Si  and  1880  °C.  This  eutectic  trough 
descends  towards  the  Ti-Ti5Si3  eutectic  with  increas¬ 
ing  Ti  concentration.  The  second  important  feature  is 
the  L-HNb(Ti)5Si3  -»•  (Nb,Ti)3Si  peritectic  ridge  on  the 
hypereutectic  side  of  the  eutectic  valley.  Both  of  these 
features  dominate  the  microstructures  of  the  Nb-Ti-Si 
composites  generated  in  this  study.  The  Nb-Ti-Si  phase 
equilibria  are  discussed  in  more  detail  subsequently  in 
Section  3.4.  The  ranges  of  hypo  and  hypereutectic  com¬ 
positions  investigated  are  shown  in  Figure  3.2.1 . 

3.2.2  Experimental 

Composites  were  directionally  solidified  using  the  pro¬ 
cedure  described  previously  in  more  detail  in  Section 
3.1.  The  starting  alloys  were  prepared  by  triple  melting 
high-purity  elements  (>99.9%)  in  the  segmented  wa¬ 
ter-cooled  copper  crucible  prior  to  directional  solidifi¬ 
cation.  The  compositions  reported  are  those  of  the  start¬ 
ing  alloys. 

Bending  bars  were  prepared  by  EDM  for  fracture  tough¬ 
ness  testing  using  both  monotonic  loading  and  R-curve 
measurements.  Room  temperature  fracture  testing  was 
performed  as  described  in  Section  3.1.  Elevated  tem¬ 
perature  (500  °C)  and  low  temperature  (-196  °C)  frac¬ 
ture  toughness  tests  were  performed  using  three-point 
bending,  as  described  by  Rigney  et  al.  [7].  In  the  case 
of  the  measurements  at  -1 96  and  500  °C,  fracture  tough- 


Figure  3.2.1  Schematic  diagram  of  the  projection  of  the  liquidus  surface  of  the  metal-rich  end 
of  the  Nb-Ti-Si  ternary  phase  diagram.  The  composition  ranges  of  the  hypo  and  hypereutec¬ 
tic  alloys  that  were  directionally  solidified  are  shown. 
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ness  measurements  are  reported  as  Kq  rather  than  Kjq 
because  ASTM  399  could  not  be  followed  rigorously. 

3.2.3  Results  and  Discussion 

Microstructures  of  Ternary  Alloys 

The  compositions  of  the  alloys  from  which  the  com¬ 
posites  were  directionally  solidified  are  listed  in  Table 
3.2.1.  Ternary  Nb-Ti-Si  alloys  with  Si  concentrations 
of  10-16%  and  Ti  concentrations  of  21-45%  were  all 
on  the  metal-rich  side  of  the  eutectic  valley,  so  that  the 
primary  solidification  phase  was  Nb(Ti,  Si)  dendrites, 
together  with  large-scale  (Nb,Ti)3Si  dendrites.  Micro¬ 
structures  of  the  longitudinal  and  transverse  sections 
of  the  Nb-33Ti-16Si  composition  are  shown  in  Figure 
3.2.2  (a)  and  (b).  These  were  typical  of  compositions 
from  the  hypoeutectic  side  of  the  valley.  The  micro¬ 
structures  consisted  of  non-faceted  Nb(Ti,  Si)  dendrites, 
which  are  the  lighter  phase  in  these  BSE  micrographs, 
together  with  large  scale  (40-80  pm)  faceted  gray 
(Nb,Ti)3Si  dendrites;  both  the  non-faceted  metal  den¬ 
drites  and  faceted  (Nb,Ti)3Si  dendrites  were  generally 
aligned  with  the  growth  direction,  although  the  aspect 
ratios  of  the  phases  were  sensitive  to  composition.  The 
volume  fractions  of  Nb(Ti,  Si)  and  (Nb,'n)3Si  are  also 
shown  in  Table  3.2.1. 

Ternary  alloys  with  Si  concentrations  of  19-25%  and 
Ti  concentrations  of  21-40%  were  on  the  Si-rich  side 
of  the  eutectic  valley  and  they  therefore  experienced 
the  peritectic  reaction,  L  +  Nb(Ti)5Si3  (Nb,  Ti)3Si. 
Typical  microstractures  of  the  DS  Nb-27Ti-22Si  com¬ 
posite  are  shown  in  Figure  3.2.3(a)  and  (b);  compos¬ 
ites  from  this  alloy  range  possessed  three  phases.  First, 
there  was  a  small  volume  fraction  of  primary  Nb(Ti)5Si3 
dendrites  at  the  cores  of  the  silicide  dendrites;  the 


Nb(Ti)5Si3  appeared  as  the  dark  phase  in  Figure  3.2.3(a) 
and  (b).  Second,  there  were  faceted  (Nb,Ti)3Si  den¬ 
drites;  these  were  the  gray  phase  in  Figure  3.2.3.  Third, 
there  were  metal-rich  Nb(Ti,  Si)  dendrites  between  the 
(Nb,Ti)3Si  dendrites;  the  Nb(Ti,Si)  was  the  lightest 
phase  in  the  BSE  images.  The  longitudinal  section 
showed  aligned  Nb(Ti,  Si)  and  (Nb,Ti)3Si  dendrites, 
with  primary  Nb(Ti)5Si3  at  the  cores  of  the  (Nb,Ti)3Si 
dendrites.  These  microstructures  are  analogous  to  those 
which  have  been  reported  previously  in  hypereutectic 
binary  DS  Nb-Si  composites  [3]. 

Essentially  all  the  hypereutectic  compositions  listed  in 
Table  3.2.1  possessed  at  least  a  small  volume  fraction 
of  Nb(Ti)5Si3  and  not  just  (Nb,Ti)3Si.  This  situation 
arises  because  of  the  proximity  of  the  peritectic  ridge 
to  the  eutectic  valley,  and  as  a  result,  most  hypereutec¬ 
tic  compositions  experienced  the  peritectic  reaction. 

The  BSE  images  in  Figures  3.2.2  and  3.2.3  showed 
strong  dark  contrast  in  the  inter-dendritic  regions  of 
both  the  hypo  and  hypereutectic  Nb-Ti-Si  alloys.  This 
could  have  been  due  to  either  the  presence  of  a  silicide 
(e.g.,  Nb(Ti)5Si3  or  Ti(Nb)5Si3)  or  segregation  of  ei¬ 
ther  Ti  or  Si  to  the  inter-dendritic  regions.  Energy  dis¬ 
persive  spectrometry  and  electron  microprobe  analy¬ 
ses  indicated  that  this  contrast  was  due  to  local  Ti  en¬ 
richment  of  the  edges  of  the  (Nb,Ti)3Si  dendrites.  Elec¬ 
tron  microprobe  analysis  measurements  of  the  phases 
are  described  subsequently  in  Section  3.4. 

Room  Temperature  Fracture  Toughness:  Effect  of 
Nb:TiRatio 

Room  temperature  fracture  toughness  measurements 
of  the  DS  Nb-Ti-Si  composites  are  shown  in  Table  3.2.2 
and  Figure  3.2.4.  Generally,  Ti  additions  increase  the 


Table3.2.1  Ternary  alloy  compositions  togetherwith  DS  compositevolumefractions  and  dendrite  arm  diameters. 


Composition 

Volume  Fractions 

Nb(Ti.Si)%  Nb(Ti,Si)3Si% 

Nb(Ti,Si)  Dendrite 
arm  diameter  (|un) 

Nb-21%Ti-12%Si 

54.3 

45.7 

22 

Nb-21%Ti-16%Si 

34.5 

66.5 

— 

Nb-21%Ti-22%Si 

23.3 

76.7  (3:1  and  5:3) 

5.6 

Nb-27%Ti-12%Si 

48.5 

51.5 

15 

Nb-27%Ti-16%Si 

41.3 

58.7 

— 

Nb-32.3%Ti-19.2%Si 

27.3 

72.7  (3:1  and  5:3) 

— 

Nb-33%Ti-16%Si 

37.4 

62.6 

15 

Nb-42.5%Ti-15%Si 

36.6 

63.4 

10 

Nb-37.5%Ti-25%Si 

18.9 

81.1  (3:1  and  5:3) 

— 

17 


Figure  3.2.2 Typical  microstructures  (BSE  images)  of  (a)  the  longitudinal  section, 
and  (b)  the  transverse  section  of  a  DS  hypoeutectic  Nb-33n-16Si  NblUSi)- 
(Nb.nisSi  composite. 


(b) 


Figure  3.2.3Typical  microstructures  (BSE  images)  of  (a)  the  longitudinal 
section  of  a  DS  hypereutectic  Nb-27Ti-22Si  composite,  and  (b)  the  transverse 
section  of  a  DS  hypereutectic  Nb-2ni-22Si  composite.  These  composites 
contain  Nb(Ti,Si)  (white  phase),  (Nb,Tl)3Si  (gray  phase),  and  a  small  volume 
fraction  of  Nb(Ti)5Si3  (dark  phase). 
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Table3.2.2.  Room  temperature  fracture  toughness  of  DS  ternary  Nb-Ti-Siin-situ  composites. 


Composition  (at%) 

Constituent  Phases 

Fracture  Toughness 
(MPaVm);  Monotonic 
Loading,  Kq 

Fracture  Toughness 
(MPaVm):  R-Curve 
Measurements,  K|C 

Nb-33Ti-16Si 

Nb(Ti,Si),(Nb,Ti)3Si 

11.1 

17.5 

Nb-27Ti-16Si 

Nb(Ti,Si),(Nb,Ti)3Si 

11.7 

— 

Nb-27Ti-12Si 

Nb(Ti,SiMNb,Ti)3Si 

9.8 

13.8 

Nb-27Ti-22Si 

Nb(Ti,Si),(Nb,Ti)3Si,Nb(Ti)5SB 

— 

12.8 

Nb-21Ti-16Si 

Nb(Ti,Si),  (Nb,Ti)3Si 

11.6 

15.0 

Nb-21Ti-12Si 

Nb(Ti,Si),(Nb,Ti)3Si 

10.6 

16.0 

Nb-21Ti-22Si 

Nb(Ti,Si),(Nb,Ti)3Si,Nb(Ti)5SB 

12.1 

13.7,12.0 

Nb-32Ti-19Si 

Nb(Ti,Si),(Nb,Ti)3Si,Nb(Ti)5SB 

12.4 

— 

Nb-33Ti-20Si 

Nb(Ti,Si),(Nb,Ti)3Si.Nb(Ti)5SB 

10.8 

15.0 

Nb-37.5Ti-25Si 

Nb(Ti,Si),(Nb,Ti)3Si,Nb(Ti)5SB 

— 

10.4 

Nb-40Ti-20Si 

Nb(Ti,Si),(Nb,Ti)3Si,Nb(Ti)5SB 

14.3 

12.2 

Nb-42.5Ti-15Si 

Nb(Ti,Si),(Nb,Ti)3Si 

12.3 

— 

Nb-45Ti-10Si 

Nb(Ti,SiUNbJi)3Si 

— 

16.0 

Nb-IOSi 

Nb(Si),Nb3Si 

14.2 

— 

Nb-12Si 

Nb(Si),Nb3Si 

11.2 

6.5 

Nb-16Si 

Nb(Si),  Nb3Si 

7.8 

— 

Nb-20Si 

Nb(Si),  Nb3Si,  NbsSiB 

7.1 

— 

Nb-22Si 

Nb(Si),  Nb3Si,  NbgSiB 

8.5 

— 

Figure  3.2.4  Fracture  toughness  ofthe  ternary  Nb-Tl-Si  composites. 
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toughness  of  the  DS  composites  over  the  Nb-Si  binary 
composites  of  the  same  Si  concentration.  For  example, 
the  toughness  data  of  the  Nb-33Ti-  16Si,  Nb-27'Ii-l  6Si, 
and  Nb-2 1  Ti- 1 6Si  alloys  are  -50%  greater  than  that  of 
the  binary  Nb-16%Si  composite.  However,  there  is  no 
systematic  increase  of  fracture  toughness  with  increas¬ 
ing  Ti  concentration.  The  toughness  of  the  composite 
with  33%Ti  is  essentially  the  same  as  that  with  2 1  %Ti. 
This  suggests  that  there  may  be  a  threshold  Ti  concen¬ 
tration  above  which  the  Ti  additions  have  no  further 
effect  on  the  fracture  toughness.  Over  the  range  of  Ti 
concentrations  examined  further  additions  do  not  lead 
to  further  toughness  improvements.  These  data  sug¬ 
gest  that  this  threshold  composition  is  less  than  21  %'Ii. 
Composites  from  alloys  with  reduced  Ti  concentra¬ 
tions  (with  as  little  as  3%Ti)  are  under  investigation 
and  will  be  reported  separately.  The  toughness  improve¬ 
ment  effected  by  Ti  additions  was  also  observed  in  the 
ternary  alloys  with  20  and  22%Si.  However,  for  the 
12%Si  compositions  the  ternary  and  binary  fracture 
toughness  measurements  were  similar. 

Figure  3.2.5  shows  R-curves  from  the  DS  Nb-21Ti- 
12Si  and  the  DS  Nb-21Ti-22Si  composites.  This  be¬ 
havior  is  typical  of  the  form  of  most  of  the  R-curves  of 
the  ternary  compositions.  All  the  ternary  composites 
exhibited  R-curve  behavior.  There  appears  to  be  a  lack 
of  sensitivity  of  crack  propagation  to  the  Si  concentra¬ 
tion.  The  Kic  values  from  R-curve  measurements  are 
included  in  Table  3.2.2.  Generally,  the  Kj^  values  from 
the  R-curves  are  slightly  higher  than  Kq  values  from 
the  monotonic  loading  experiments. 

There  are  three  possible  reasons  for  the  toughness  in¬ 


crease  generated  by  the  addition  of  Ti  to  the  binary  Nb- 
Si  composites.  First,  whereas  in  the  binary  alloy  com¬ 
posites  the  metallic  phase  exists  as  a  combination  of 
fine-scale  eutectic  and  large-scale  dendritic  morpholo¬ 
gies,  in  the  Nb-Ti-Si  alloys  the  metallic  phase  exists 
only  as  large-scale  Nb(Ti,  Si)  dendrites.  Thus,  the  same 
volume  fraction  of  metallic  phase  may  provide  more 
toughening  in  the  case  of  the  ternary  alloy.  This  could 
also  explain  the  Si  concentration  sensitivity  of  the  tough¬ 
ening  increment  effected  by  Ti,  because  at  12%Si  the 
large  volume  fraction  of  primary  metal  dendrites  would 
make  the  composite  less  sensitive  to  the  effect  of  Ti 
due  to  the  scale  of  the  microstructure.  Second,  the  Ti- 
modified  metallic  phase  may  have  greater  intrinsic 
toughness  than  the  Nb(Si)  in  the  binary  composite. 
Third,  fractography  indicated  that  a  larger  volume  frac¬ 
tion  of  the  metal  dendrites  failed  in  a  ductile  manner  in 
the  Nb-Ti-Si  composites  (essentially  100%)  than  in  the 
binary  Nb-Si  composites  [7]. 

Room  Temperature  Fracture  Toughness: 

Effectof  Si  concentration 

Table  3.2.2  indicates  that  increasing  the  Si  concentra¬ 
tion  from  12  to  22%  has  little  effect  on  the  fracture 
toughness.  For  example,  for  the  21%Ti  compositions, 
increasing  the  Si  concentration  had  little  effect  on  the 
Kq  and  values:  the  Kq  values  were  10.6, 1 1 .6,  and 
12.0  for  the  12, 16,  and  22%Si  compositions,  respec¬ 
tively.  Similarly,  the  Kjc  values  were  16.0,  15.0,  and 
12.6  for  the  12,  16,  and  22%Si  compositions,  respec¬ 
tively.  For  the  27%Ti,  the  Kq  and  Kj^  values  are  in  the 
range  9.8-13.8  with  no  apparent  trend  with  Si  concen- 


Figure  3.2.5  R-curves  for  DS  Nb-21Tl-22Si  and  Nb-21Tl-12Si  composites 
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tration.  This  apparent  insensitivity  of  fracture  tough¬ 
ness  to  Si  concentration  for  the  alloys  discussed  prob¬ 
ably  results  from  the  inconsistent  changes  in  the  vol¬ 
ume  fraction  of  metallic  phase,  as  shown  in  Table  3.2.1; 
for  example,  for  the  2 1  %  Ti-containing  composite,  in¬ 
creasing  the  Si  concentration  from  12  to  16%  reduces 
the  metal  volume  fraction  from  54  to  35,  but  for  the 
27%Ti-containing  composite,  the  volume  fraction  of 
metal  is  only  reduced  from  49  to  41  for  the  same  Si 
increase.  In  the  case  of  the  binary  Nb-Si  in-situ  com¬ 
posites,  the  toughness  increased  with  decreasing  Si  con¬ 
centration  and  increasing  volume  fraction  of  (Nb);  de¬ 
creasing  the  Si  concentration  from  1 8  to  1 0%  increased 
the  (Nb)  volume  fraction  from  -0.35  to  -0.75  and  the 
fracture  toughness  values  from  6  to  14  MPaVm,  re¬ 
spectively.  In  the  ternary  alloys,  the  lower  than  expected 
reduction  in  volume  fraction  of  metal  with  increasing 
Si  concentration  at  high  Ti  concentrations  is  probably 
due  to  the  form  of  the  solvus  surface  since  the  (Nb,Ti)3Si 
maintains  the  stoichiometric  Si  concentration,  and  the 
locus  of  the  eutectic  trough  probably  leads  to  only  a 
small  increase  in  the  volume  fraction  of  Nb(Ti,Si)  with 
decreasing  Si  concentration.  Thus,  at  constant  Ti  con¬ 
centration  (rather  than  constant  and  equal  Nb:!!  ratio), 
changing  the  Si  concentration  does  not  necessarily 
change  the  volume  fraction  of  metal,  as  in  the  case  of 
binary  alloys,  because  the  starting  compositions  do  not 
necessarily  move  along  a  tie  line  between  the  phases. 
Consequently,  the  effect  of  Si  concentration  at  con¬ 
stant  and  equal  Nb:Ti  ratio  concentrations  was  investi¬ 


gated  because  these  compositions  are  close  to  being  on 
the  same  tie-line. 

In  order  to  address  this  difficulty  the  effect  of  Si  was 
examined  at  equal  Nb  and  Ti  concentrations.  Four  com¬ 
positions  were  selected  at  concentrations  of  10, 15, 20, 
and  25%Si.  The  toughness  measurements,  also  shown 
in  Table  3.2.2,  indicate  an  increase  in  Kjc  from  10.4 
MPaVm  at  Nb-37.5Ti-25Si  to  1 6.0  MPaVm  at  Nb-45Ti- 
lOSi.  This  suggests  a  similar  sensitivity  of  Kjc  to  the 
volume  fraction  of  metal  in  the  ternary  alloy  compos¬ 
ites  to  the  binary  Nb-Si  alloys  composites.  However, 
Kjc  does  not  appear  to  reach  a  minimum  at  the  eutectic 
trough  (-15%Si),  as  is  the  case  for  the  binary  Nb- 
18.2%Si  eutectic.  A  possible  explanation  for  the  ab¬ 
sence  of  the  minimum  is  the  microstmctural  scale  of 
the  metallic  phases.  In  the  binary  eutectic,  the  majority 
of  the  toughening  is  provided  only  by  the  fine-scale 
eutectic  Nb,  but  in  the  ternary  alloys,  there  is  a  larger 
volume  fraction  of  the  large-scale  Nb(Ti,Si)  to  provide 
toughening. 

Figure  3.2.6  shows  the  fracture  surface  of  a  Nb-27Ti- 
12Si  composite  after  monotonic  loading  at  room  tem¬ 
perature.  A  large  fraction  of  the  Nb(!!,  Si)  dendrites 
failed  in  a  ductile  manner,  and  the  (Nb,Ti)3Si  matrix 
failed  by  cleavage.  Microvoid  coalescence  in  the  Nb(!i, 
Si)  dendrites  can  be  seen  in  Figure  3.2.6.  Generally, 
dendrite  arms  with  dimensions  as  large  as  50  pm  failed 
in  a  ductile  manner;  there  was  extensive  microcracking 
of  the  (Nb,Ti)3Si  silicide  matrix  around  the  ruptured 


Figure  3.2.6  Fracture  surfaces  of  DS  Nb-27Ti-12Si  composite. 
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dendrites.  The  apparent  increase  in  the  proportion  of 
primary  metallic  dendrites  that  failed  by  microvoid  coa¬ 
lescence  in  comparison  with  that  observed  in  the  bi¬ 
nary  alloys  is  probably  related  to  the  higher  ductility  of 
the  Nb(Ti,  Si)  dendrites  as  compared  to  Nb(Si)  den¬ 
drites,  as  well  as  their  slightly  smaller  size  (Table  3.2.1). 
Ti  may  also  affect  the  nature  of  the  constraint  of  the 
metallic  dendrites  by  the  silicide.  This  could  be  related 


to  both  the  scale  of  the  metallic  phase  and  the  mor¬ 
phologies  of  both  phases  in  the  composite. 

The  fracture  surfaces  of  a  hypereutectic  DS  Nb-40Ti- 
20Si  composite  after  an  R-curve  experiment  at  room 
temperature  are  shown  at  high  and  low  magnifications 
in  Figure  3.2.7(a)  and  (b).  The  fracture  surfaces  are 
similar  to  those  of  the  hypoeutectic  alloys.  The  frac¬ 
ture  surfaces  show  extensive  ductile  failure  of  the  me- 


(b) 

Hgure  3.2.7  Fracture  surfaces  of  the  DS  Nb-40Ti-20Si  composite. 
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tallic  phase  and  cleavage  of  the  faceted  (Nb,Ti)3Si  den¬ 
drites.  Ductile  failure  of  the  fine-scale  metallic  phase 
between  the  (Nb,Ti)3Si  dendrites  is  shown  in  Figure 
3.2.7(b). 

Examination  of  the  crack  path  during  crack  propaga¬ 
tion  through  the  ternary  composites,  which  were  un¬ 
loaded  prior  to  unstable  crack  growth,  revealed  crack 
deflection  and  crack  multiplication.  The  intermetallic 
dendrites  appeared  to  cause  crack  deflection;  this  prob¬ 
ably  also  provided  toughening  of  the  composite.  Plas¬ 
tic  deformation  of  the  metallic  dendrites  which  were 
intersected  by  the  crack  was  also  observed.  Bridging 
events  and  crack  blunting  by  metallic  dendrites  were 
also  observed  during  the  R-curve  tests  of  the  ternary 
alloy  composites. 

Effect  of  Temperature  on  Fracture  Toughness 

Table  3.2.3  shows  fracture  toughness  measurements 
for  several  temaiy  Nb-Ti-Si  alloy  composites  at  tem¬ 
peratures  of  -196  °C,  25  °C,  and  500  °C.  Fracture 
toughness  measurements  at  -196  °C  and  500  °C  were 
performed  using  three-point  bending  [7] .  The  room  tem¬ 
perature  fracture  toughness  measurements,  Kq,  in¬ 
cluded  in  Table  3.2.3  for  comparison  are  from  four- 
point  bending  monotonic  loading  experiments,  as 
shown  previously  in  Table  3.2.2. 

There  appears  to  be  very  little  effect  of  test  tempera¬ 
ture  on  the  toughness  of  these  ternary  Nb-Ti-Si  com¬ 
posites  for  temperatures  up  to  500  °C.  Although  the 
fracture  toughness  values  were  similar  at  test  tempera¬ 
tures  of  -196  °C  and  500  °C,  the  crack  propagation 
was  unstable  at  —196  °C  and  the  samples  failed  cata¬ 
strophically.  However,  at  room  temperature  and  500  °C 
the  cracks  propagated  in  a  stable  manner  and  R-curve 


behavior  was  observed.  In  the  hypereutectic  composi¬ 
tions,  the  fracture  toughness  measurements  were  lower 
for  test  temperatures  of-196  °C  and  500  °C  than  were 
the  room  temperature  measurements;  this  may  be  an 
artifact  of  the  different  testing  schemes.  Thus,  although 
the  test  temperature  appears  to  have  little  effect  on  the 
fracture  toughness,  it  has  a  large  effect  on  the  stability 
of  crack  propagation.  Further  examination  of  the  frac¬ 
ture  behavior  of  the  composites  is  required  to  deter¬ 
mine  the  origin  of  the  unstable  nature  of  crack  propa¬ 
gation. 

Fractography  indicated  that  at  test  temperatures  of  - 
196  °C  and  above,  the  primary  (Nb,Ti)  dendrites  failed 
by  microvoid  coalescence  [5,  7].  Microvoid  coales¬ 
cence  has  been  observed  in  binary  Nb(Si)  phases  of 
Nb-Nb5Si3  composites,  but  only  at  higher  temperatures 
[1,7].  Typically  at  room  temperature  and  below,  the 
primary  Nb(Si)  dendrites  of  binary  composites  fail  by 
a  combination  of  cleavage  in  some  areas  and  micro  void 
coalescence  in  other  areas.  However,  in  the  case  of  the 
ternary  alloy  composites,  the  occurrence  of  microvoid 
coalescence  and  the  fracture  behavior  are  less  sensitive 
to  temperature.  This  suggests  that  the  test  temperature 
of-196  °C  is  above  the  ductile-brittle  transition  tem¬ 
perature  (DBTT)  of  the  Nb(Ti,Si)  in  the  ternary  com¬ 
posites,  but  below  that  of  the  Nb(Si)  in  the  binary  alloy 
composites.  The  implication  is  that  Ti  additions  reduce 
the  DBTT  of  the  binary  Nb(Si).  However,  the  DBTT  of 
the  Nb(Ti,Si)  may  still  be  above  that  of  pure  Nb,  which 
is  reported  to  be  less  than  -200  °C  [8]. 

3.2.4  Conclusions 

The  ternary  Nb-Tl-Si  composites  investigated  contained 
dendritic  Nb(Ti,Si)  and  (Nb,Ti)3Si.  In  the  case  of  the 


Table  3.2.3.  The  effect  of  testtemperatures  of-196  and  500  °C  on  the  fracture  toughness  of  DS  ternary  Nb-Ti-Si  composites. 


Composition 

Nb(Ti,Si) 

Fracture  Toughness  (MPaVm) 

at%  Si 

at%  Ti 

(Vol.%) 

-196  “C 

25  "C 

500  “C 

12 

21 

54.3 

11.3 

10.6 

11.0 

12 

27 

41.3 

9.7 

9.8 

— 

16 

21 

34.5 

11.1 

11.6 

10.8 

16 

27 

27.3 

9.2 

11.7 

10.7 

16 

33 

37.4 

10.7 

11.1 

10.1 

15 

42.5 

36.6 

10.3 

12.3 

9.9 

20 

33 

27.3 

10.0 

10.8 

9.9 

22 

21 

23.3 

7.8 

12.1 

6.8 
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hypereutectic  alloys,  a  small  volume  fraction  of 
Nb(Ti)5Si3  was  also  observed.  Fracture  toughness  val¬ 
ues  greater  than  10  MPaVm  were  consistently  mea¬ 
sured  using  monotonic  loading.  R-curve  measurements 
provided  Kj^  values  of  >17  MPaVm.  Ti  additions  can 
increase  in-situ  composite  fracture  toughness  values 
as  much  as  6  MPaVm  in  comparison  with  binary  alloys 
with  the  same  Si  concentration.  This  is  probably  due  to 
a  larger  volume  fraction  of  the  metallic  phase  existing 
as  large-scale  dendrites,  and  possibly  also  greater  duc¬ 
tility  of  the  metallic  phase.  Some  sensitivity  of  the  frac¬ 
ture  toughness  to  the  volume  fraction  of  metallic  phase 
was  observed  in  the  Nb-Ti-Si  composites,  but  no  mini¬ 
mum  of  the  form  observed  in  binary  Nb-Si  eutectic 
composites  was  detected.  All  the  ternary  Nb-Ti-Si  al¬ 
loy  composites  exhibited  R-curve  behavior  at  room  tem¬ 
perature.  Fractography  indicated  that  substantially  more 
complex  fracture  behavior  occurred  in  the  ternary  Nb- 
Ti-Si  composites  than  in  the  Nb-Si  binaries;  ductile 
failure  of  the  metal  dendrites  and  multiple  plane  cleav¬ 
age  of  the  silicide  were  generally  observed.  Test  tem¬ 
peratures  in  the  range  -196  to  500  °C  had  little  effect 
on  the  fracture  toughness  of  these  composites.  How¬ 
ever,  the  test  temperature  had  a  large  effect  on  the  sta¬ 
bility  of  crack  propagation;  below  room  temperature 
the  cracks  propagated  in  an  unstable  manner. 
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3.3  Orientation  Imaging  of  a  Nb-33Ti-16Si  DS  In-Situ  Composite 


3.3.1  Introduction 

In  this  section  the  microtexture  of  a  directionally  so¬ 
lidified  (DS)  Nb-Ti-Si  alloy  is  described.  Evaluation 
of  both  microstructure  and  microtexture  is  needed  to 
interpret  the  orientation-dependent  mechanical  behav¬ 
ior  of  these  composites.  The  directionally  solidified 
ingot  had  a  composition  of  Nb-33%Ti-16at%Si  and 
was  prepared  with  a  growth  rate  of  5  mm/min.  The 
microstructure  was  examined  using  backscattered  elec¬ 
tron  imaging,  and  the  microtexture  of  each  of  the  phases 
was  determined  using  the  Electron  BackScattering  Pat¬ 
tern  (EBSP)  technique  for  electron  diffraction  in  the 
scanning  electron  microscope  [1].  The  details  of  the 
investigations  were  similar  to  those  reported  previously 
in  Nb-NbaSi-NbsSia  composites  generated  from  bi¬ 
nary  Nb-Si  alloys  [2].  Automated  EBSP  scans  were 
acquired  in  order  to  map  the  local  texture  (microtexture) 
over  most  of  a  transverse  cross-section  of  the  ingot. 
The  findings  of  this  study  will  be  presented  at  the  1 996 
Microscopy  Society  of  America  (MSA)  conference. 

3.3.2  Results  and  Discussion 

Figure  3.3.1  is  a  scanning  electron  micrograph,  taken 
using  backscattered  electron  imaging  (BSE),  of  a  trans¬ 
verse  section  of  the  as-DS  microstructure.  In  this  mi¬ 
crograph,  the  bcc-Nb  phase  was  the  lighter  gray  phase, 
and  it  had  a  dendritic  structure.  The  dark  gray  phase 
was  (Nb,Ti)3Si;  it  had  a  Ti3P-type  crystal  structure. 
The  (Nb,Ti)3Si  silicide  phase  appeared  as  both  multi¬ 
ply  faceted  dendrites  and  irregularly  bounded  grains. 
The  irregular  dendrites  were  generally  at  the  intercel¬ 
lular  regions.  No  fine-scale  interdendritic  eutectic  was 
observed  in  this  composite.  Shadowing  was  observed 
at  the  edges  of  the  (Nb,Ti)3Si  dendrites.  Crystallo¬ 
graphic  measurements  and  electron  beam  microanaly¬ 
sis  indicated  that  this  was  caused  by  Ti  segregation. 

Figure  3.3.1  also  shows  an  exact  region  that  was  ana¬ 
lyzed  by  automated-EBSP,  the  results  of  which  are 
shown  in  Figure  3.3.2(a)  and  (b).  Figure  3.3.2  contains 
orientation  images  generated  from  the  automated-EBSP 
data  set.  In  Figure  3.3.2(a),  the  color  black  designates 
areas  for  which  no  Nb  diffraction  patterns  could  be 
indexed  and  other  shades  of  gray  signify  specific  Nb 
orientations,  as  described  by  a  set  of  Euler  angles.  A 
similarly  generated  orientation  image  for  the  silicide 
phase  is  shown  in  Figure  3.3.2(b).  Macrotexture  data 


are  also  presented  in  Figure  3.3.3  and  show  strong  crys¬ 
tallographic  texture  in  both  phases.  Figure  3.3.3(a) 
shows  an  inverse  pole  figure  of  the  (Nb)  dendrites  in 
the  composite.  It  shows  broad  alignment  of  the  [113] 
with  the  growth  direction.  A  {100}  pole  figure  of 
(Nb,Ti)  is  shown  in  Figure  3.3.3(b),  indicating  the 
evenly  distributed  fiber  texture.  A  (100)  pole  figure  of 
(Nb3Ti)Si  is  shown  in  Figure  3.3.3(c),  indicating  strong 
alignment  of  the  [001]  with  the  growth  direction  of  the 
composite,  as  well  as  orientation  clustering  in  the  ra¬ 
dial  direction.  This  was  also  observed  in  additional  mea¬ 
surements  extending  over  many  cells.  This  suggests 
that  there  are  very  few  (Nb3Ti)Si  grains  in  the  compos¬ 
ite. 

3.3.3  Conclusions 

Two  principal  conclusions  can  be  drawn  from  the  EBSP 
data.  First,  the  orientation  images  showed  distinct  re¬ 
gions  in  which  the  silicide  and  metallic  grains  had  a 
single  orientation.  These  regions  corresponded  to  the 
large-scale  solidification  cells  that  were  suggested  by 
the  scanning  electron  micrographs.  Second,  both  phases 
in  this  composite  exhibited  strong  texture.  The  silicide 
phase  had  a  very  strong  alignment  of  the  [001  ]  with  the 
growth  direction  and  significant  orientation  clustering 
in  a  radial  direction,  giving  an  appearance  more  like  a 
single  crystal  than  a  fiber  texture  oriented  polycrystal. 
The  metallic  phase  had  a  less  intense,  broader  align¬ 
ment  of  the  [113]  with  the  growth  direction  and  had  a 
more  evenly  distributed  fiber  texture.  Further  analyses 
of  the  automated-EBSP  data  to  determine  additional 
information,  such  as  intra-  and  inter-cellular 
misorientation  distributions,  are  in  process.  These  re¬ 
sults  are  significant  with  respect  to  the  anisotropic  me¬ 
chanical  properties  of  this  material  and  may  help  to 
explain  the  improved  creep  performance  of  DS  com¬ 
posites  with  respect  to  similar  extruded  composites. 
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Figure 3.3.1.  Scanning  electron  micrograph 
(BSE)  of  DS  Nb-fi-Si  alloy,  showing  the  sub- 
region  analyzed  using  automated-EBSP. 


(a) 


3.4  Ternary  Phase  Equiibria  in  the  Nb-Ti-Si  Ternary  System 


3.4.1  Introduction 

There  has  been  limited  previous  work  on  the  Nb-Ti-Si 
ternary  phase  equilibria  [1,2],  and  almost  no  previous 
work  on  the  liquidus  surface.  A  projection  of  the  metal- 
rich  region  (up  to  37.5%Si)  of  the  Nb-Ti-Si  phase  dia¬ 
gram  is  shown  in  Figure  3.4. 1 .  A  projection  of  the  pro¬ 
posed  liquidus  surface  is  shown  in  Figure  3.4.2(a)  [2]. 
The  liquidus  surface  is  the  focus  of  the  present  section, 
because  it  influences  the  constituent  phases  and  the 
structure  of  DS  composites.  The  phase  equilibria  evi¬ 
dence  substantiating  these  projections  will  be  described. 
Four  phases  are  considered  in  the  present  section;  a 
Nb-Ti-Si  solid  solution,  Nb3Si,  Nb5Si3,  and  Ti5Si3. 
Nb5Si3  and  Ti5Si3  are  not  isomorphous  and  have  tI32 
and  hP16  crystal  stractures,  respectively  [3].  The  solvus 


surfaces  for  Nb(Ti)5Si3  and  Ti(Nb)5Si3  shown  in  Fig¬ 
ure  3.4.1  were  determined  by  Jackson,  et  al.  [4]  in  al¬ 
loys  which  also  contained  small  Hf,  Cr,  and  Al  addi¬ 
tions. 

In  the  present  section  the  Nb5Si3  with  Ti  in  solid  solu¬ 
tion  is  referred  to  as  Nb(Ti)5Si3,  and  theTi5Si3  with  Nb 
in  solid  solution  is  referred  to  as  Ti(Nb)5Si3.  The  Nb3Si 
with  Ti  in  solid  solution  is  referred  to  as  (Nb,Ti)3Si, 
because  Nb3Si  and  Ti3Si  are  isomorphous.  Similarly, 
the  Nb  with  Ti  and  Si  in  solution  is  referred  to  as  Nb(Ti, 
Si),  there  being  a  continuous  bcc  solid  solution  be¬ 
tween  Nb  and  Ti  at  the  metal-rich  end  of  the  phase 
diagram.  These  individual  phases  can  be  clearly  distin¬ 
guished  in  the  DS  microstructures.  In  addition,  the 
Nb5Si3,  Ti5Si3,  Nb3Si,  and  metallic  phases  (dendritic 


29 


and  eutectic)  can  also  be  easily  distinguished  by  their 
morphology,  scale,  and  contrast  when  examined  using 
BSE  imaging  in  the  scanning  electron  microscope. 

3.4.2  Background  on  Nb-Ti-Si  Phase  Equilibria 

The  binary  Ti-Si  phase  diagram  [3]  possesses  a  eutec¬ 
tic  of  the  form  L  Ti5Si3  +  Ti(Si)  at  1330  °C.  The 
binary  Nb-Si  phase  diagram  has  a  eutectic  of  the  form 
L  Nb3Si  +  Nb(Si)  at  1880  °C  and  a  peritectic  of  the 
form  L  +  Nb5Si3  ^  Nb3Si  at  1980  °C.  In  the  ternary 
phase  diagram  a  eutectic  trough  extends  between  the 
two  binary  eutectics,  but  because  of  the  different  bi¬ 
nary  eutectic  reactions  there  is  a  change  in  the  nature 
of  the  liquidus  surface  and  the  eutectic  trough  with  de¬ 
creasing  Nb  and  increasing  Ti  concentration.  The  bi¬ 
nary  phase  diagram  has  been  studied  by  several  re¬ 
searchers  [2,  3].  The  eutectic  occurs  at  a  composition 
of  Nb-18.2Si  and  a  temperature  of  1880  °C.  The  eu¬ 
tectic  microstructure  typically  consists  of  Nb  rods  and 
ribbons  with  a  width  of  ~2  )jm  in  a  Nb3Si  matrix.  Al¬ 
though  Ti3Si  and  Nb3Si  are  isomorphous,  Nb3Si  is  only 
stable  over  the  temperature  range  1 880  to  1 770  °C,  and 
Ti3Si  is  only  stable  below  1170  °C.  Ti3Si  forms  by  a 
peritectoid  reaction  between  Ti5Si3  and  Ti. 

The  details  of  the  Nb-Ti-Si  ternary  are  described  here, 
and  the  substantiating  data  are  presented  in  the  follow¬ 
ing  Results  and  Discussion  section.  The  regions  close 
to  the  Nb-Si  and  Ti-Si  binary  eutectics  are  straightfor¬ 
ward.  The  loci  of  the  peritectic  ridge  from  the  L+  Nb5Si3 
Nb3Si  peritectic,  the  Ti-Ti5Si3  eutectic  trough,  and 
the  locations  of  the  two  class  II  reactions  that  occur  are 
more  complex,  and  particular  emphasis  is  placed  on 
these  features  in  the  present  section.  For  the  purpose  of 
the  present  discussion,  aperitectic  (L +Nb5Si3  -»■  Ti5Si3) 
is  assumed  between  Nb5Si3  and  Ti5Si3;  a  eutectic  is 
also  possible,  but  the  evidence  that  will  be  discussed 
subsequently  suggests  a  peritectic.  However,  either  a 
eutectic  or  a  peritectic  reaction  between  Nb(Ti)5Si3  and 
Ti(Nb)5Si3  provides  a  groove  towards  the  valley  be¬ 
tween  the  binary  eutectics,  as  shown  in  Figure  3.4.1 . 

There  are  two  options  for  the  liquidus  surface.  In  op¬ 
tion  1  shown  in  Figure  3.4.2  (a),  the  first  Class  II  reac¬ 
tion  is  described  by: 

L + Nb(Ti)5Si3  ->  (Nb,Ti)3Si + Ti(Nb)5Si3 

Thus,  there  is  a  peritectic  groove  (L  +  Nb5Si3 
(Nb,Ti)3Si)  which  extends  from  the  Nb-rich  side  of  the 
phase  diagram  and  joins  the  peritectic  groove  of  the 
reaction  between  Nb5Si3  and  Ti5Si3  at  ~  1 850  °C. 


The  second  Class  II  reaction  in  option  1  is  described  by 

L  +  (Nb,Ti)3Si  ^  (Nb,Ti) + Ti(Nb)5Si3 

The  above  reaction  occurs  at  the  intersection  between 
the  peritectic  ridge  that  descends  from  the  first  class  11 
reaction  and  the  (Nb,Ti)3Si-(Nb,Ti)  eutectic  trough,  as 
shown  in  the  projection  of  the  liquidus  surface  in  Fig¬ 
ure  3.4.1  at  a  temperature  of  -1500  °C.  The  data  that 
will  be  discussed  subsequently  indicate  that  this  is  the 
correct  version  of  the  liquidus  surface.  The  steep  na¬ 
ture  of  this  peritectic  ridge  and  the  narrow  composition 
range  make  it  very  difficult  to  determine  unequivo¬ 
cally  that  option  1  is  indeed  correct. 

The  second  option  for  the  liquidus  surface  has  the  fol¬ 
lowing  first  class  11  reaction: 

L  +  Nb(Ti)5Si3  ^  (Nb,Ti)3Si  +  (Nb,Ti) 

In  option  2  the  peritectic  ridge  intersects  the  (Nb,Ti)3Si 
+  (Nb,Ti)  eutectic  trough  leading  to  the  above  reaction, 
a  shown  in  Figure  3.4.2(b).  The  trough  continues  to  fall 
in  temperature  with  increasing  Ti  until  it  meets  the  ridge 
from  the  peritectic  reaction  between  Nb(Ti)5Si3  and 
Ti(Nb)5Si3,  leading  to  the  second  Class  II  reaction: 

L  +  Nb(Ti)5Si3  ^  (Nb,Ti)  +  Ti(Nb)5Si3 

However,  there  was  no  evidence  for  this  second  class  II 
reaction,  as  will  subsequently  be  described. 

There  are  two  other  possible  options  in  addition  to  the 
two  described  so  far,  with  the  second  class  II  reaction 
being  a  ternary  eutectic.  However,  there  was  no  evi¬ 
dence  for  the  formation  of  a  temaiy  eutectic  in  any  of 
the  stmctures  that  were  examined.  There  are  no  previ¬ 
ous  data  on  the  compositions  or  temperatures  at  which 
the  above  Class  II  reactions  occur.  The  aim  of  the  present 
section  is  to  describe  the  results  of  the  phase  equilib¬ 
rium  studies.  These  results  are  summarized  in  Figure 
3.4.2(c)  and  indicate  that  the  first  of  these  two  options 
is  the  correct  version. 

3.4.3  Experimental 

The  samples  for  phase  equilibrium  studies  were 
directionally  solidified  by  cold  cracible  directional  so¬ 
lidification  [2]  after  triple  melting  the  starting  charges 
from  high  purity  elements  (>99.9%).  The  directional 
solidification  procedure  used  has  been  described  pre¬ 
viously  [2].  In  specific  cases,  samples  were  also  pre¬ 
pared  by  cold  crucible  induction  levitation  melting  fol¬ 
lowed  by  solidification  in  the  cold  crucible.  The  samples 
were  examined  using  scanning  electron  microscopy 
(BSE)  and  energy  dispersive  spectrometry  (EDS).  In 
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Figure  3.4.2.  (a)  Schematic  diagram  showing  the  projection  of  the  liquidus  surface  for  Option  1,  (b)  schematic  diagram 
showing  the  projection  of  the  liquidus  surfacefor  Option  2,  and  (c)  actual  compositions  and  constituent  phases  of  the  ternary 
phase  diagram  (the  binary  points  are  from  previous  studies  [2,3]). 
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the  case  of  selected  alloys,  electron  beam  microprobe 
analysis  and  X-ray  diffraction  (XRD)  were  also  per¬ 
formed  to  differentiate  the  chemistry  and  crystal  struc¬ 
ture  of  the  individual  phases.  Only  compositions  with 
Si  concentrations  less  than  37.5%  were  considered. 

The  melt  temperature  was  measured  using  a  two  wave¬ 
length  optical  pyrometer.  The  pyrometer  was  calibrated 
against  both  the  melting  temperature  of  99.9%  pure  Ti 
(1670  °C)  and  the  temperature  oftheTi-Ti5Si3  eutectic 
(1330  °C).  Errors  in  the  temperature  measurements 
were  estimated  as  <20  °C.  These  temperatures  were 
only  approximate;  liquidus  and  solidus  temperatures 
were  not  measured  because  the  melt  temperatures  were 
too  high  for  conventional  differential  thermal  analysis. 

The  compositions  which  were  investigated  are  listed  in 
Table  3.4.1.  These  compositions  are  those  of  the  start¬ 
ing  charges  and  not  as  analyzed  after  directional  so¬ 
lidification.  Mass  losses  were  measured  for  each  ex¬ 
periment  and  were  found  to  be  less  than  0.1%  weight 
percent. 

3.4.4  Results  and  Discussion 

Microstructures  of  Ternary  Alloys 

Microstructural  evidence  for  the  solidification  paths 
will  be  discussed  in  the  following  order: 

1.  Nb-rich  alloys 

2.  Nb5Si3  rich  alloys 

3.  Nb5Si3-Ti5Si3 

4.  Ti-Ti5Si3  rich  compositions 

5.  Compositions  near  the  class  II  reactions. 

These  compositions  are  listed  as  A-E  in  Table  3.4.1 
and  the  following  sections. 

Nb-Rich  Nb-Ti-Si  Compositions:  Group  A 

Ternary  Nb-Ti-Si  alloys  (Group  A  in  Table  3.4.1)  with 
Ti  concentrations  of  21-44%  and  Si  concentrations  of 
12-16%  were  all  on  the  metal-rich  side  of  the  Nb(Ti, 
Si)-(Nb,Ti)3Si  eutectic  valley,  so  that  the  primary  so¬ 
lidification  phase  was  Nb(Ti,  Si)  dendrites.  Typical  mi¬ 
crostructures  of  the  longitudinal  and  transverse  sec¬ 
tions  are  shown  in  Figure  3.4.3  for  the  Nb-27%Ti- 
16%Si  composition.  The  microstructure  consisted  of 
non-faceted  NbCIi,  Si)  dendrites,  which  are  the  lighter 
phase  in  these  BSE  micrographs,  together  with  large 
scale  (~50  fim)  faceted  (Nb,Ti)3Si  dendrites;  the  mi¬ 
crostructure  of  the  longitudinal  section  shown  in  Fig¬ 


ure  3.4.3(a)  indicates  reasonable  alignment  of  both  non- 
faceted  metal  dendrites  and  faceted  (Nb,Ti)3Si  den¬ 
drites  with  the  growth  direction.  This  composition  was 
close  to  the  eutectic  trough.  The  BSE  contrast  indi¬ 
cates  strong  Ti  segregation  between  the  (Nb,Ti)3Si  cells. 
Typically,  several  samples  were  prepared  from  the  in¬ 
dividual  compositions  and  the  microstructures  were 
observed  to  be  very  consistent.  The  phases  present  in 
the  DS  alloys  are  summarized  in  Table  3.4.1. 

The  microstructure  of  the  transverse  section  of  the  DS 
composition  Nb-21Ti-12Si  is  shown  in  Figure  3.4.4. 
The  (Nb,Ti)  dendrites  are  larger  than  in  the  case  of  the 
Nb-27Ti-16Si  alloy,  possibly  because  of  the  greater 
volume  of  metallic  phase  and  the  larger  freezing  range 
of  the  alloy  (solidification  begins  at  a  higher  point  on 
the  liquidus  surface  of  the  eutectic  valley);  this  could 
have  allowed  some  coarsening  of  the  metal  dendrites 
during  directional  solidification. 

The  final  Nb-rich  composition  examined  in  this  regime 
was  Nb-44Ti-12Si.  The  microstructure  of  the  trans¬ 
verse  section  of  the  DS  composition  is  shown  in  Figure 
3.4.5.  This  microstructure  possessed  a  large  volume 
fraction  of  non-faceted  (Nb,Ti)  dendrites.  The  inter- 
dendritic  regions  contained  (Nb,Ti)3Si  and  fine-scale 
(Nb,Ti).  No  Nb(Ti)5Si3  was  observed  in  this  micro¬ 
structure,  which  suggested  that  the  final  composition 
of  the  inter-dendritic  liquid  was  in  the  (Nb,Ti)- 
(Nb,Ti)3Si  eutectic  trough  and  that  it  never  reached  a 
class  II  reaction.  The  eutectic  trough  temperature  has 
fallen  from  -1880  °C  at  the  Nb-Si  binary  eutectic  to 
-1700  °C  at  Nb-42.5Ti-15Si.  There  is  also  a  larger  vol¬ 
ume  fraction  of  metal  dendrites  in  the  Nb-21Ti-12Si 
alloy  than  in  the  Nb-27Ti-16Si  alloy;  the  volume  frac¬ 
tions  of  metal  dendrites  for  the  Nb-27Ti-16Si  and  Nb- 
21Ti-12Si  compositions  were  41%  and  54%,  respec¬ 
tively.  The  lower  volume  fraction  of  metal  was  from 
the  composition  closer  to  the  eutectic  trough.  This  sug¬ 
gests  that  up  to  the  27Ti  composition,  the  eutectic  trough 
and  the  solvus  surface  are  approximately  parallel  to 
the  planes  of  constant  Si  composition,  because  the 
(Nb,Ti)3Si  essentially  maintains  the  stoichiometric  Si 
concentration.  This  is  to  be  expected  because  there  is 
only  a  small  difference  in  the  Si  concentrations  of  the 
Nb-Nb3Si  and  Ti-Ti5Si3  eutectics  (Nb-18.2Si  and  Ti- 
1 3 .5Si,  respectively).  However,  the  Nb-44Ti- 1 2Si  com¬ 
position  appears  to  have  a  larger  volume  fraction  of 
metal  dendrites.  This  could  be  because  the  eutectic 
trough  is  moving  to  Si-rich  compositions  with  increas¬ 
ing  Ti  concentration,  or  because  the  solidus  is  moving 
towards  the  metal  side  of  the  ternary  phase  diagram 
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Table  3.4.1.  Alloy  compositions  and  constituent  phases  ofthe  ternary  Nb-H-Si  alloys  investigated. 


Group 

Composition 

Constituent  Phases 

Melting 

Temperature  (”C) 

A 

Nb-21Ti-12Si 

Primary  (Nb,Ti),  Eutectic  (Nb,Ti)3Si+(Nb) 

— 

A 

Nb-21Ti-16Si 

Primary  (Nbji),  Eutectic  (NbJi)3Si+(Nb) 

— 

A 

Nb-27Ti-12Si 

Primary  (Nb,Ti),  Eutectic  (Nb,Ti)3Si+(Nb) 

— 

A 

Nb-27Ti-16Si 

Primary  (Nb,Ti),  Eutectic  (Nb,Ti)3Si+(Nb) 

— 

A 

Nb-33Ti-12Si 

Primary  (Nbji),  Eutectic  (Nb,Ti)3Si+(Nb) 

— 

A 

Nb-33Ti-16Si 

Primary  (NbJi),  Eutectic  (Nb,Ti)3Si+(Nb) 

— 

A 

Nb-44Ti-12Si 

Primary  (NbJi),  Eutectic  (Nb,Ti)3Si+(Nb) 

1712 

A 

Nb-45Ti-10Si 

Primary  (Nb,Ti),  Eutectic  (Nb,Ti)3Si+(Nb) 

1680 

A 

Nb-42.5Ti-15Si 

Primary  (Nbji),  Eutectic  (NbJi)3Si+(Nb) 

1704 

B 

Nb-21Ti-22Si 

Primary  Nb5Si3,  Peritectic  (Nb Ji)3Si,  Eutectic  (Nb Jil!3Si+  (Nb) 

2030 

B 

Nb-27Ti-22Si 

Primary  Nb5Si3,  Peritectic  (Nb,Ti)3Si,  Eutectic  (Nb,Til3Si+(Nb) 

2002 

B 

Nb-33Ti-20Si 

Primary  Nb5Si3,  Peritectic  (Nb,Ti)3Si,  Eutectic  {NbJifeSi+INb) 

1870 

B 

Nb-40Ti-20Si 

Primary  Nb5Si3,  Peritectic  (Nb  Ji)3Si,  Eutectic  (Nb  Ji)3Si+  (Nb) 

— 

B 

Nb-32Ti-19Si 

Primary  Nb5Si3,  Peritectic  (Nb,Ti)3Si,  Eutectic  (NbJifeSi+INb) 

— 

B 

Nb-37.5Ti-25Si 

Primary  Nb5Si3,  Peritectic  (Nb,Ti)3Si,  Eutectic  (Nb,Ti)3Si+  (Nb) 

— 

C 

Nb-32.5Ti-35Si 

Primary  Nb5Si3,  Interdendritic  (Nb,Ti)3Si  No  Metal 

2170 

C 

Nb-55Ti-35Si 

Primary  Ti5Si3,  Eutectic  Ti+Ti5Si3 

2020 

c 

Nb-60Ti-30Si 

Primary  Ti5Si3,  Eutectic  Ti+Ti5Si3 

1950 

D 

Si-86.5Ti 

Eutectic  Ti+Ti5Si3 

1328 

D 

Nb-76.5Ti-13.5Si 

Eutectic  Ti+Ti5Si3 

1355 

D 

Nb-65Ti-10Si 

Primary  (Nb,Ti),  Eutectic  Ti+Ti5Si3 

— 

D 

Nb-75Ti-10Si 

Primary  (Nb,Ti),  Eutectic  Ti+  Ti5Si3 

1550 

D 

Nb-78Ti-10Si 

Primary  (Nb,Ti),  Eutectic  Ti+Ti5Si3 

1513 

D 

Nb-80Ti-10Si 

Primary  (Nb,Ti),  Eutectic  Ti+Ti5Si3 

1480 

D 

Nb-75Ti-20Si 

Primary  Ti5Si3,  Eutectic  Ti+Ti5Si3 

— 

E 

Nb-65Ti-15Si 

Primary  (Nb,Ti)3Si,  Eutectic  Nb3Si+(Nb) 

— 

E 

Nb-75Ti-15Si 

Primary  (Nb,Ti)3Si,  Eutectic  Nb3Si+(Nb),  Eutectic  Ti+  TisSg 

1488 

E 

Nb-65Ti-22Si 

Primary  Ti5Si3,  Peritectic  Nb3Si,  Eutectic  Nb3Si+Nb,  Eutectic  Ti+  Ti5Si3 

1675 

E 

Nb-70Ti-20Si 

Primary  Ti5Si3,  Peritectic  Nb3Si,  Eutectic  Nb3Si+Nb,  Eutectic  Ti+  Ti5Si3 

1520 
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with  increasing  Ti  concentration.  The  latter  seems  more 
likely,  because  the  Ti-Ti5Si3  eutectic  occurs  at  lower  Si 
concentrations  than  the  Nb-Nb3Si  eutectic.  Thus,  the 
locus  of  the  eutectic  trough  shown  in  Figure  3.4.2(c)  is 
consistent  with  the  microstructures  for  compositions 
as  low  as  12%Si  and  as  high  as  44%Ti. 

NbfWsSijRich  Compositions:  Group  B 

A  range  of  compositions  was  examined  from  the 
Nb(Ti)5Si3  and  (Nb,  Ti)3Si  rich  side  of  the  eutectic  val¬ 
ley.  In  the  binary  Nb-Nb3Si  eutectic,  the  eutectic  com¬ 
position  and  the  liquid  composition  of  the  L  +  Nb5Si3 
-*■  Nb3Si  peritectic  are  very  close  to  each  other  (18.2  vs 
19.5  Si).  This  is  also  the  situation  in  the  case  of  the  Nb- 
Ti-Si  ternary  phase  diagram.  Therefore,  it  is  very  hard 
to  define  the  region  between  the  peritectic  ridge  and 
the  eutectic  groove.  Nevertheless,  there  is  clear  evi¬ 
dence  for  the  existence  of  such  a  region.  The  purpose 
of  the  present  section  is  to  describe  the  evidence  for  the 
range  of  Nb-Ti-Si  compositions  over  which  the 
peritectic  ridge  and  the  eutectic  valley  exist.  It  appears 
as  though  these  two  lines  are  within  several  per  cent  Si 
of  each  other  and  almost  parallel  to  each  other  over  a 
wide  H  composition,  from  0  up  to  ~70Ti. 

Ternary  alloys  with  Ti  concentrations  of  21-40%  and 
Si  concentrations  of  19-25%  (group  B  in  Table  3.4.1) 
were  from  the  Si-rich  side  of  the  eutectic  valley  and 
were  observed  to  have  experienced  the  peritectic  reac¬ 
tion,  L  -I-  Nb(Ti)5Si3  -»■  (Nb,Ti)3Si.  Microstructures  of 
longitudinal  and  transverse  sections  of  the  DS  Nb- 
27%Ti-22%Si  composite  are  shown  in  Figure  3.4.6; 
these  micrographs  show  the  three  phases  expected  for 
the  hypereutectic  compositions.  First,  there  were  metal- 
rich  Nb(Ti,  Si)  dendrites;  these  were  the  lightest  phase 
in  the  BSE  images.  Second,  there  were  faceted 
(Nb,Ti)3Si  dendrites;  these  were  the  grey  phase  in  the 
BSE  images.  Third,  there  was  a  small  volume  fraction 
of  a  dark  phase,  primary  Nb(Ti)5Si3  dendrites.  The  lon¬ 
gitudinal  section  showed  aligned  Nb(Ti,  Si)  and 
(Nb,Ti)3Si  dendrites,  with  primary  Nb(Ti)5Si3  at  the 
cores  of  the  (Nb,'n)3Si  dendrites.  The  presence  of  these 
phases  was  confirmed  using  electron  probe  microanaly¬ 
sis  and  EDS.  The  volume  fraction  of  Nb(Ti)5Si3  was 
increased  in  alloys  of  higher  Si  concentrations.  These 
structures  are  analogous  to  those  which  have  been  ob¬ 
served  in  hypereutectic  binary  DS  Nb-Si  composites 
[2].  In  addition,  BSE  imaging  showed  strong  dark  con¬ 
trast  in  the  inter-dendritic  regions  of  the  Nb-Tl-Si  al¬ 
loys.  This  could  have  been  due  to  the  presence  of  a 
silicide  or  segregation  of  either  Ti  or  Si  to  the  inter- 
dendritic  regions.  EDS  and  microprobe  analyses,  as  well 


as  crystallographic  analyses  using  EBSP,  indicated  that 
this  contrast  was  due  to  local  H  enrichment  of  (Nb,Ti)3Si . 

The  longitudinal  sections  showed  microcracks  perpen¬ 
dicular  to  the  growth  direction  in  the  Nb(Ti)5Si3  den¬ 
drites.  These  cracks  probably  occurred  upon  cooling 
as  a  result  of  an  allotropic  transformation  of  the 
Nb(Ti)5Si3  phase  reported  previously  [2, 3].  Thus,  for 
substitution  of  Nb  by  Ti  for  levels  of  up  to  27%,  the  a 
to  P  Nb(Ti)gSi3  allotropic  transformation  still  occurs. 
These  cracks  are  very  characteristic  of  the  Nb5Si3  phase 
and  help  to  distinguish  it  from  other  phases  in  the  DS 
structure.  No  cracks  were  observed  in  the  two-phase 
Nb(Ti,  Si)  and  (Nb,Ti)3Si  composites. 

The  highest  Ti  and  Si  containing  alloys  investigated  in 
this  regime  were  the  Nb-40Ti-20Si  and  Nb-37.5Ti-25Si 
compositions.  These  both  also  contained  primary 
Nb(Ti)gSi3,  peritectic  (Nb,Ti)3Si,  and  inter-dendritic 
eutectic.  In  the  Nb-37.5Ti-25Si  there  was  a  larger  vol¬ 
ume  fraction  of  primary  Nb(Ti)5Si3.  This  is  evidence 
that  the  peritectic  ridge  extends  to  compositions  as  high 
as  40Ti;  i.e.,  this  composition  is  still  richer  in  Nb  than 
the  Class  II  reaction,  and  the  peritectic  ridge  is  very 
close  to  the  20Si  composition.  At  33Ti,  the  peritectic 
temperature  had  fallen  from  -1980  °C  for  the  binary  to 
-1850  °C. 

Compositions  as  low  as  19%Si  experienced  the 
peritectic  (i.e.,  were  hyperperitectic)  and  compositions 
as  high  as  16%  did  not  experience  this  reaction  (i.e., 
they  were  hypoeutectic).  This  gives  an  indication  of 
the  narrow  nature  of  the  composition  range  between 
the  Nb(Ti,  Si)-(Nb,Ti)3Si  eutectic  and  the  L  + 
Nb(li)5Si3  ^  (Nb,  Ti)3Si  peritectic. 

A  typical  microprobe  scan  perpendicular  to  the  den¬ 
drites  of  the  DS  Nb-27%Ti-22%Si  composite  is  shown 
in  Figure  3.4.6(c).  The  three  phases  can  be  differenti¬ 
ated  chemically.  The  compositions  of  the  three  phases 
observed  in  the  Nb(Ti,  Si)-(Nb,Ti)3Si-Nb(Ti)5Si3  com¬ 
posite  are  shown  in  Table  3.4.2.  For  the  Nb(Ti,  Si)  solid 
solution,  Nb,  Ti  and  Si  concentrations  in  the  range  69 
to  54, 29  to  44  and  1 .6  to  2.4,  respectively,  were  mea¬ 
sured.  A  range  of  (Nb,Ti)3Si  chemistries  was  measured 
with  different  Nb  and  Ti  ratios  and  a  narrow  range  of  Si 
concentrations.  The  centers  of  the  faceted  (Nb,Ti)3Si 
dendrites  were  generally  Nb  rich  and  the  shaded  re¬ 
gions  at  the  edges  of  these  dendrites  were  Ti  rich.  The 
Si  concentration  of  the  (Nb,Ti)3Si  was  slightly  lean  of 
the  stoichiometric  composition,  which  suggests  thatTi 
substitutes  principally  for  Nb  and  not  Si.  Nb(Ti)5Si3 
was  detected  at  the  centers  of  the  (Nb,Ti)3Si  dendrites 
and  not  in  the  inter-dendritic  regions.  The  Si  concen- 
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Figure 3.6.2  (c).  Microprobe  scans  perpendicularto  the  growth  direction  showing  the 
Nb,Tl,and  Si  concentration  profiles  perpendicularto  the  dendrites. 


Table3.4.2.  Microprobe  analyses  of  (Nb,'n),(Nb,Ti)3Si,and  Nb(Ti)5Si3 phase  composition  rangesforthe 
Nb-27Ti-22Si  composite. 


Nb 

Ti 

Si 

Comments 

Nb(Ti,Si) 

54-69 

29-44 

1. 6-2.4 

(NbJOsSi 

38-40 

37-38 

23-24 

Ti  and  Nb  similar 

44-54 

22-29 

23-24 

Nb-rich  Ti-lean 

32-33 

43-44 

23.5 

Ti-rich  Nb-lean 

Nb{Ti)5Si3 

44-45 

19-20 

35-36 

tration  of  the  Nb(Ti)5Si3  was  slightly  lean  of  the  sto¬ 
ichiometric  composition. 

NbCnigSi^and  niNblgSi^Rich  Compositions: 
Group  C 

Nb-32.5Ti-35Si  -  NbfTij^SijRich  Compositions 

The  microstructure  of  the  Nb-32.5Ti-35Si  is  shown  in 
Figure  3.4.7.  This  composition  (part  of  group  C  in  Table 
3.4.1)  was  investigated  in  an  attempt  to  identify  the 
nature  of  the  reaction  between  Nb(Ti)5Si3  and 
H(Nb)5Si3.  The  composition  of  35%Si  was  selected  in 
preference  to  37.5%Si  so  that  the  solidification  phases 


formed  would  be  metal-rich  and  not  Si-rich.  The  mi¬ 
crostructure  consisted  of  primary  Nb(Ti)5Si3  with  in¬ 
ter-dendritic  (Ti,Nb)3Si  (i.e.,  peritectic  or  eutectic). 
These  phases  were  identified  using  EDS  and  XRD. 
The  large  gray  blocky  phase  is  Nb(Ti)5Si3  and  the 
smaller  inter-dendritic  phase  is  (ri,Nb)3Si.  This  sug¬ 
gests  that  the  reaction  is  a  peritectic: 

L  +  Nb(Ti)5Si3  ^Ti(Nb)5Si3 

The  evidence  for  the  (Nb,Ti)3Si  phase  is  first,  that  it 
has  the  same  morphology  as  I^3Si  and  second,  that  it 
provides  lighter  BSE  contrast  than  the  gray  Nb(Ti)5Si3 
phase;  it  therefore  contains  less  Si  or  more  Nb  and  Ti. 
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Figure  3.4.7.  Typical  microstructure  of  the  induction  melted  Nb-32.5'n-35Si  alloy. 


Given  its  faceted  nature,  it  is  almost  certainly  not  a 
metallic  phase,  and  it  does  not  have  either  the  appro¬ 
priate  morphology  or  BSE  contrast  to  be  a  Ti5Si3  type 
phase;  if  it  were  a  Ti5Si3  type  phase,  it  would  be  darker 
than  the  gray  phase  and  it  would  have  a  hexagonal  rather 
than  a  tetragonal  crystal  structure.  In  addition,  the  poor 
contrast  between  the  two  phases  is  consistent  with  the 
phases  being  Nb5Si3  and  Nb3Si  type  phases  rather  than 
a  silicide  and  metal,  or  niobium  silicide  and  Ti5Si3. 
However,  the  inter-dendritic  regions  are  difficult  to  ex¬ 
amine  in  detail.  There  may  also  be  a  very  small  volume 
fraction  of  a  residual  eutectic  in  the  inter-dendritic  re¬ 
gions.  No  metal  dendrites  were  observed  in  this  com¬ 
position  when  it  was  examined  using  EDS  and  BSE. 

The  BSE  contrast  indicates  that  the  Nb(Ti)5Si3-type 
dendrites  are  brightest  in  the  center  and  there  is  segre¬ 
gation  towards  their  periphery.  These  changes  in  con¬ 
trast  could  be  due  to  Nb  depletion.  Si  enrichment,  or  Ti 
enrichment.  The  last  is  more  likely,  and  the  contrast 
gradation  across  the  Nb5Si3  dendrites  is  consistent  with 
the  liquid  composition  moving  away  from  the  Nb5Si3 
composition  and  towards  the  Ti  comer,  with  the  Si  con¬ 
centration  probably  remaining  constant.  EDS  of  the 
gray  phase  indicated  that  it  is  almost  equiatomic  in  Nb, 
Ti,  and  Si;  the  evidence  suggests  that  this  phase  is 
Nb(ri)5Si3. 

Thus,  the  microstracture  is  consistent  with  Nb(Ti)5Si3 
being  the  primary  solidification  phase  with  the  liquid 
composition  shifting  to  the  L + Nb(Ti)5Si3  ->•  (Nb,Ti)3Si 
peritectic  ridge  during  solidification.  This  is  a  reason¬ 


able  explanation  of  the  microstmcture,  but  it  does  not 
prove  that  the  reaction  between  Nb(Ti)5Si3  and 
Ti(Nb)5Si3  is  a  peritectic.  However,  if  there  were  a  eu¬ 
tectic  reaction  rather  than  a  peritectic  reaction  between 
these  two  phases,  it  is  more  likely  that  a  eutectic  micro- 
structure  would  have  formed.  The  melting  tempera¬ 
tures  are  2520  °C  for  binary  Nb5Si3  and  2130  °C  for 
binary  Ti5Si3.  The  melting  temperature  of  2170  °C  for 
the  Nb-32.5Ti-35Si  is  consistent  with  a  very  flat 
peritectic  liquidus.  If  there  were  a  eutectic  between 
these  two  phases,  a  lower  melting  temperature  would 
be  expected,  below  the  melting  temperature  of  Ti5Si3. 
The  trough  would  be  steeper  if  the  reaction  was  a  eu¬ 
tectic  and  the  liquid  composition  would  shift  into  the 
eutectic  valley. 

7/5S/5  -  Rich  Compositions 
Nb-60Ti-30Si 

The  aim  of  examining  this  composition  was  first  to  try 
to  solidify  primary  Ti(Nb)5Si3  dendrites  in  order  to  de¬ 
termine  their  morphology  and  chemistry,  and  second, 
to  attempt  to  examine  the  nature  of  the  reaction  be¬ 
tween  Nb(Ti)5Si3  and  Ti(Nb)5Si3.  The  microstmcture 
of  the  Nb-60Ti-30Si  composition  is  shown  in  Figure 
3.4.8.  This  sample  was  induction-melted  and  cast  in 
the  segmented  cold  cracible.  The  microstmcture  con¬ 
sisted  of  large-scale  (>100  |im)  primary  Ti5Si3  den¬ 
drites  in  a  Ti  -  Ti5Si3  eutectic.  The  microstmctures  of 
the  Nb-60Ti-30Si  and  the  Nb-75Ti-20Si  compositions 
were  similar.  In  these  compositions  the  faceted  hex- 
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agonal  hP16  dendrites  are  clearly  visible.  The  mor¬ 
phology  and  contrast  are  clear  evidence  that  the  sili- 
cide  is  Ti(Nb)5Si3  and  not  Nb(Ti)5Si3.  Some  cracks 
were  observed  in  the  Ti(Nb)5Si3  dendrites  of  the  in¬ 
duction  cast  samples;  this  was  probably  due  to  differ¬ 
ential  thermal  contraction  during  solidification  and  post- 
solidification  cooling. 

The  microstructure  of  the  Nb-55Ti-35Si  alloy  was  simi¬ 
lar  to  that  of  the  Nb-60Ti-30Si  alloy  in  that  it  contained 
primaiy  Ti(Nb)5Si3  dendrites  with  an  inter-dendritic 
eutectic  of  Ti-Ti5Si3.  However,  the  volume  fraction  of 
primary  Ti(Nb)5Si3  was  very  large  (>85%),  and  thus  it 
was  difficult  to  identify  the  faceted  nature  of  the  den¬ 
drites.  At  high  magnifications  the  typical  Ti-Ti5Si3  eu¬ 
tectic  could  be  observed  in  the  inter-dendritic  regions. 
This  suggests  that  on  solidification  the  liquid  composi¬ 
tion  moved  over  into  the  Ti-Ti5Si3  eutectic  trough.  The 
measured  liquidus  temperatures  (1950  °C  at  30Si  and 
2020  °C  at  35Si)  were  lower  than  the  melting  tempera¬ 
ture  of  binary  Ti5Si3. 

Ti-Rich  Compositions:  Group  D 

The  results  from  the  Ti-rich  comer  of  the  ternary  phase 
diagram  are  now  discussed  in  the  context  of  the  results 
from  the  following  compositions: 

Ti-  13.5%Si:Jl  -  Ti^Sis  Eutectic 

The  binary  Ti-Ti5Si3  eutectic  was  examined  and  was 
confirmed  as  being  at  a  composition  of  Ti-13.5%  Si. 


When  grown  at  a  rate  of  2  mm/min,  the  eutectic  con¬ 
sisted  of  very  fine  (~1  pm)  faceted  needles  in  aTi  ma¬ 
trix.  No  primary  'll  or  Ti5Si3  dendrites  were  observed 
in  the  microstracture,  and  the  eutectic  grew  with  a  cel¬ 
lular  front.  The  eutectic  was  of  a  similar  morphology 
to  the  inter-dendritic  eutectic  shown  in  Figure  3.4.8. 
'These  observations  are  consistent  with  previous  reports 
of  the  binary  Ti-Ti5Si3  eutectic  by  Crossman  and  Yue 
[5]  and  Wagner,  etal.  [6]. 

'The  Ti-Ti5Si3  can  be  distinguished  from  the  Nb-Nb3Si 
eutectic  by  two  characteristics.  First,  in  the  binary  Ti- 
'II5  Si3  eutectic  the  Ti  is  the  matrix,  whereas  in  the  bi¬ 
nary  Nb-Nb3Si  the  Nb3Si  is  the  matrix.  Second,  in  the 
Ti-Ti5Si3  eutectic  the  Ti5Si3  rods  are  faceted,  whereas 
in  the  Nb-Nb3Si  eutectic  the  Nb  rods  are  not  faceted. 

Nb-76.5Ti-13.5Si 

In  an  attempt  to  identify  the  locus  of  the  trough  be¬ 
tween  the  (Nb,Ti)-(Ti,Nb)3Si  and  (Ti,  Nb)-Ti(Nb)5Si3 
eutectics  more  precisely,  the  Nb-76.5Ti-13.5Si  com¬ 
position  was  directionally  solidified.  This  alloy  had  a 
melting  temperature  of  1355  °C.  When  grown  at  a  rate 
of  2  mm/min,  the  microstmcture  consisted  of  very  fine 
faceted  needles  (~2  |am)  of  Ti(Nb)5Si3  in  a  Ti  matrix, 
the  needles  being  aligned  with  the  growth  direction. 
No  primary  (Nb,Ti),  Ti(Nb)5Si3,  or  (Ti,Nb)3Si  dendrites 
were  observed;  this  suggests  that  this  composition  was 
on  the  eutectic  trough.  We  can,  therefore,  define  three 
points  on  the  eutectic  trough:  Nb-18.2%  Si,  Ti-13.5% 


Figure  3.4.8.  Typical  microstructure  of  the  induction  melted  Nb-60Tl-30Si  alloy. 
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Si,  and  the  Nb-76.5Ti-13.5Si.  This  also  indicates  that 
the  second  class  II  reaction  occurs  at  a  Ti  composition 
of  less  than  76.5  and  a  Si  concentration  close  to  13.5. 

Nb-75Ti-WSi 

The  microstructure  of  the  Nb-75Ti-10Si,  shown  in  Fig¬ 
ure  3.4.9,  consists  of  primary  (Nb,Ti)  dendrites  in  a 
(Ti,  Nb)-Ti(Nb)5Si3  eutectic.  In  Figure  3.4.9  the  large 
white  dendrites  are  the  (Ti,Nb),  and  the  fine-scale  (~1 
|im)  black  needles  are  the  Ti(Nb)5Si3  of  the  eutectic. 
No  (Nb,  Ti)3Si  was  observed  in  these  compositions. 
Figure  3.4.9  is  the  transverse  section  of  a  sample  that 
was  grown  at  5  mm/min.  Compositions  of  Nb-80Ti- 
lOSi,  Nb-78Ti-10Si,  and  Nb-75Ti-10Si  were  also  ex¬ 
amined,  and  the  microstructures  observed  were  simi¬ 
lar.  These  compositions  were  directionally  solidified 
in  order  to  generate  primary  (Ti,  Nb)  dendrites  with 
inter-dendritic  Ti-Ti5Si3  eutectic  to  confirm  the  exist¬ 
ence  of  the  Ti-Ti5Si3  eutectic  and  identify  the  locus  of 
the  eutectic  trough.  One  can  therefore  infer  that  in  this 
region  the  primary  solidification  phase  was  (Nb,Ti)  den¬ 
drites,  the  liquid  composition  moves  away  from  the 
Nb-rich  comer  towards  the  eutectic  trough  where  the 
Ti-Ti5Si3  eutectic  is  formed,  and  then  the  liquid  com¬ 
position  moves  down  the  eutectic  trough.  No  ternary 
eutectic  was  observed.  In  some  areas  the  Ti-Ti5Si3 
looked  lamellar  and  in  others  it  looked  like  individual 
“sheafs”  with  a  fine  Ti5Si3  rod  at  the  center  of  the 
“sheafs.”  The  Nb-75Ti-10Si,  Nb-80Ti-10Si,  and  Nb- 
78Ti-10Si  compositions  were  self  consistent.  The  Nb- 
75Ti-10Si  was  directionally  solidified  three  times  and 
the  microstructure  was  consistent  in  each  case. 


In  order  to  check  the  nature  of  the  eutectic,  the  Nb-75- 
lOSi  composition  was  grown  with  aNb-27Ti-16Si  seed; 
this  seed  possessed  (Nb,Ti)  dendrites  and  (Nb,Ti)3Si, 
as  described  previously.  The  metal  dendrites  grew  from 
the  Nb-75Ti-10Si  melt  epitaxially  off  the  seed,  but  the 
Ti(Nb)5Si3  did  not  grow  epitaxially.  The  (Nb,Ti)-Ti5Si3 
eutectic  also  clearly  possessed  a  different  chemistry 
and  provided  a  much  darker  BSE  contrast  than  the 
(Nb,Ti)3Si  (in  the  seed)  at  the  seed:Nb-75Ti-10Si  in¬ 
terface.  If  it  were  at  all  possible  to  grow  (Nb,Ti)3Si 
from  this  composition,  it  would  have  nucleated  and 
grown  easily  on  the  seed. 

Nb-75Ti-20Si 

The  aim  of  examining  this  composition  (from  group  D 
in  Table  3.4.1)  was  first  to  try  to  directionally  solidify 
primary  Ti(Nb)5Si3  dendrites  under  controlled  condi¬ 
tions  in  order  to  determine  their  morphology  and  chem¬ 
istry,  second,  to  attempt  to  examine  characteristics  of 
the  Ti-Ti5Si3  eutectic,  and  third  to  examine  the  nature 
of  the  phase  equilibria  between  the  two  class  II  reac¬ 
tions. 

The  microstructure  of  the  transverse  section  of  the  DS 
Nb-75Ti-20Si  alloy,  shown  Figure  3.4.10,  consisted  of 
only  two  phases,  Ti(Nb)5Si3  and  (Ti,  Nb).  It  was  of  the 
hypereutectic  composition  giving  rise  to  primary  large- 
scale  black  primary  Ti5Si3  dendrites  and  a  (Ti,  Nb)- 
Ti(Nb)5Si3  eutectic.  The  faceted,  hexagonal  black 
Ti(Nb)5Si3  dendrites  are  clearly  visible.  The  eutectic 
consisted  of  very  fine  (~1  pm)  faceted  hexagonal  black 
Ti(Nb)5Si3  rods  in  a  (Ti,  Nb)  matrix;  this  can  be  seen 


Rgure  3.4.9.  Typical  microstructure  of  the  transverse  section  of  a  DS  Nb-751i-10Si  alloy. 
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Figure  3.4.10.  Typical  microstructures  of  the  transverse  section  of  a  DS  Nb-75Ti- 
20Si  alloy,  at  low  (a)  and  high  (b)  magnifications,  showing  the  primary  TlINblsSis 
faceted  dendrites,  and  inter-dendritic  eutectic  (■n,Nb)-Tl(Nb)5Si3. 


more  clearly  in  Figure  3.4.10(b).  The  morphology  of 
the  eutectic  did  not  appear  to  have  been  modified  by 
the  Nb  additions.  Eutectic  cells  are  also  clearly  visible 
in  the  inter-dendritic  regions.  This  behavior  is  quite 
distinct  from  the  Nb-rich  compositions  of  the  same  Si 
concentration  where  a  peritectic  reaction  occurs.  Thus, 
the  microstructure  of  the  Nb-70Ti-20Si  indicates  that 
the  peritectic  ridge  had  terminated  at  Ti  compositions 
between  40  and  70Ti.  The  Nb-75Ti-20Si  composition 
is  sufficiently  far  away  from  the  class  II  reaction  that 
the  solidification  path  can  take  the  liquid  composition 
to  the  (Ti,  Nb)-Ti(Nb)5Si3  eutectic  trough,  whereas  in 
the  case  of  the  Nb-70Ti-20Si  composition,  discussed 
subsequently,  the  composition  is  close  to  the  peritectic 
ridge  between  the  two  class  II  reactions  and  the  micro¬ 
structure  is  dramatically  different. 

There  was  no  evidence  of  a  ternary  eutectic  in  any  of  the 
alloys  examined.  The  Ti-rich  compositions  are  also  con¬ 
sistent  with  the  second  class  n  reaction  being  of  the  form : 

L  +  Nb(Ti)5Si3  Ti(Nb)5Si3  +  Ti(Nb) 

Compositions  Near  Class  11  Reactions:  Group  E 

Nb-75Ti-15Si 

The  microstructure  of  the  transverse  section  of  the  DS 
Nb-75Ti- 1 5Si  composition  (group  E  in  Table  3.4. 1)  is 
shown  in  Figure  3.4.11.  There  are  three  distinct  fea¬ 
tures  of  this  microstmcture.  First,  there  are  large  blocky 


gray  (Nb,  Ti)3Si  dendrites;  these  generally  are  of  the 
typical  faceted  form  and  they  have  a  width  of  ~30  pm. 
Second,  the  majority  of  the  microstructure  consists  of 
eutectic  cells  with  distinct  cell  boundaries.  These  cells 
contain  a  two-phase  microstmcture  of  gray  (Nb,  Ti)3Si 
and  white  (Nb,  Ti).  It  appears  as  though  the  metallic 
phase  is  continuous.  Third,  at  the  intercellular  bound¬ 
aries  there  is  a  very  small  volume  fraction  of  a  two- 
phase,  fine-scale  eutectic  of  Ti(Nb)5Si3  and  (Nb,  Ti); 
this  was  probably  generated  from  the  final  liquid  to 
solidify.  The  (Ti,Nb)-Ti(Nb)5Si3  can  be  clearly  distin¬ 
guished  from  the  (Nb,  Ti)-(Nb,  Ti)3Si  by  its  morphol¬ 
ogy,  scale,  and  contrast.  In  regions  where  there  was  a 
large  volume  fraction  of  Ti-Ti5Si3  eutectic  it  possessed 
a  lamellar  morphology. 

This  microstmcture  suggests  that  the  Nb-75Ti-15Si 
composition  lies  in  between  the  L  +  Nb(Ti)5Si3 
(Nb,Ti)3Si  peritectic  ridge  and  the  Nb-Nb3Si  eutectic 
trough;  this  explains  the  presence  of  the  primary  Nb3Si 
dendrites.  The  presence  of  the  intercellular  (Ti,Nb)- 
Ti(Nb)5Si3  eutectic  is  evidence  for  the  existence  of  the 
second  class  II  reaction: 

L  +  (Nb,Ti)3Si  (Nb,Ti)  +  Ti(Nb)5Si3 

It  also  suggests  that  a  ternary  eutectic  is  not  present. 
This  composition  is  very  close  to  the  second  class  II 
reaction  and  the  eutectic  trough.  It  is  from  the  hypereu¬ 
tectic  side  rather  than  the  hypoeutectic  side;  no  pri¬ 
mary  metal  dendrites  were  observed. 


Figure  3.4.11.  Typical  microstructure  of  the  transverse  section  of  a  DS  Nb-TSIl-IBSi  alloy. 
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Nb-65Ti-15Si 

The  microstructure  of  the  Nb-65Ti- 1 5Si  was  similar  to 
that  of  the  Nb-75Ti-15Si  with  the  exception  of  the  fol¬ 
lowing  features:  First,  it  contained  a  slightly  larger  vol¬ 
ume  fraction  of  primary  (Nb,  Ti)3Si  dendrites,  and  sec¬ 
ond,  there  was  no  evidence  of  any  Ti-Ti5Si3  eutectic. 
Again  the  (Nb,Ti)  was  the  continuous  phase  of  the  eu¬ 
tectic  cells.  It  is  somewhat  unusual  that  the  primary 
(Nb,  Ti)3Si  dendrites  are  generally  at  the  intercellular 
boundaries.  This  may  be  just  an  artifact  of  the  large 
volume  fraction  of  cellular  eutectic.  The  dendrites  were 
much  more  evident  in  this  alloy;  the  longitudinal  sec¬ 
tion  showed  some  alignment  of  the  primary  (Nb,  Ti)3Si 
dendrites,  but  not  the  inter-dendritic  cellular  eutectic. 
The  eutectic  grew  within  distinct  cells  which  had  a 
diameter  of  -250  |im.  This  evidence  suggests  that  the 
Nb-bSTi- 1 5Si  composition  is  in  the  two-phase  L + (Nb, 
Ti)3Si  regime  on  the  hypereutectic  side  of  the  eutectic 
valley,  but  the  composition  is  very  close  to  the  eutectic 
trough.  The  implication  is  that  this  composition  is  fur¬ 
ther  up  the  (Nb,  Ti)3Si-(Nb,  Ti)  eutectic  valley  than  the 
Nb-75Ti-15Si  composition  and  that  the  composition 
of  the  residual  intercellular  liquid  never  reached  the 
composition  of  the  second  class  II  reaction. 

Nb-70Ti-20Si 

The  purpose  of  examining  this  composition  was  to  de¬ 
termine  the  position  and  nature  of  the  peritectic  (L  + 
Ti(Nb)5Si3  Nb3Si)  ridge  between  the  two  class  11 
reactions.  A  micrograph  of  the  transverse  section  of 


the  DS  Nb-70Ti-20Si  is  shown  in  Figure  3.4.12.  Al¬ 
though  there  were  only  three  phases  present  in  this  com¬ 
position,  five  distinct  morphologies  were  observed. 
First,  there  were  hexagonal,  black,  faceted  Ti(Nb)5Si3 
dendrites.  These  were  identified  using  EDS  as  being 
the  Ti(Nb)5Si3  rather  than  the  Nb(Ti)5Si3  type.  The  sec¬ 
ond  phase  is  peritectic  (Nb,Ti)3Si,  which  can  be  seen 
growing  in  a  peritectic-type  manner  from  the  Ti(Nb)5Si3 
dendrites.  Again,  the  (Nb,Ti)3Si  was  identified  by  both 
its  faceted  morphology  and  its  chemistry.  The  third 
feature  was  the  grey  eutectic  (Nb,Ti)3Si  phase,  which 
existed  as  eutectic-type  cells  together  with  the  fourth 
feature,  the  white  (Nb,Ti)  metallic  phase.  Fifth,  there 
was  a  fine-scale  (Nb,Ti)-Ti(Nb)5Si3  eutectic  within  the 
intercellular  regions  generated  by  the  (Nb,Ti)3Si- 
(Nb,Ti)  eutectic  cells.  EDS  indicated  that  the  chemis¬ 
try  of  the  eutectic  Ti(Nb)5Si3  was  similar  to  that  of  the 
larger  scale  primary  Ti(Nl3)5Si3. 

Thus,  the  first  phase  to  solidify  was  primary  Ti(Nb)gSi3. 
This  suggests  that  this  composition  is  from  the  Ti5Si3 
rich  region,  as  shown  in  Figure  3.4.2(c).  It  is  also  evi¬ 
dence  for  the  second  class  II  reaction.  No  ternary  eu¬ 
tectic  was  observed  in  this  composition.  The  micro¬ 
structure  also  suggests  that  the  Nb-70Ti-20Si  compo¬ 
sition  is  very  close  to  the  L  +  Ti(Nb)5Si3  ->•  (Nb,Ti)3Si 
peritectic  ridge.  Thus,  the  liquid  composition  shifted 
during  solidification  and  met  the  peritectic  ridge  just 
below  the  first  class  II  reaction  and  led  to  the  solidifica¬ 
tion  of  peritectic  (Nb,Ti)3Si  on  the  primary  Ti(Nb)5Si3. 
However,  the  liquid  composition  only  followed  the 


Figure  3.4.12.  Typical  microstructure  of  the  transverse  section  of  a  DS  Nb-70'n-20Si  alloy. 
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peritectic  ridge  for  a  short  distance  and  it  dropped  off 
this  ridge  into  the  lower  hypereutectic  comer  of  the 
eutectic  (Nb,Ti)-(Nb,Ti)3Si  valley.  This  led  to  solidifi¬ 
cation  of  cells  of  the  latter  eutectic.  The  liquid  compo¬ 
sition  continued  to  move  down  the  eutectic  (Nb,Ti)- 
(Nb,Ti)3Si  valley  and  it  eventually  reached  the  second 
class  II  reaction  where  the  remaining  liquid  in  the  in¬ 
tercellular  regions  solidified  as  Ti(Nb)5Si3-(Nb,Ti)  eu¬ 
tectic.  The  microstructures  also  suggest  that  the  reac¬ 
tion  between  Nb(Ti)5Si3  and  Ti(Nb)5Si3  is  not  a  eutec¬ 
tic;  if  it  were,  it  seems  likely  that  at  least  some  Nb(Ti)5Si3 
and  Ti(Nb)5Si3  eutectic  would  be  observed  in  between 
the  primary  Ti(Nb)5Si3  dendrites. 

Nb-65Ti-22Si 

This  composition  was  from  a  similar  region  to  the  Nb- 
70Ti-20Si,  but  it  was  further  from  the  peritectic  ridge 
and  therefore  possessed  a  higher  melting  temperature 
(1675  vs.  1520  °C);  the  melting  temperature  of  the  bi¬ 
nary  Ti5Si3  is  2130  °C.  Again,  there  were  five  distinct 
features  of  the  microstmcture:  primary  Ti(Nb)5Si3  den¬ 
drites,  peritectic  (Nb,Ti)3Si,  (Nb,Ti),  (Nb,Ti)3Si-(Nb,'Ii) 
eutectic  cells,  and  Ti(Nb)5Si3-(Nb,Ti)  eutectic.  How¬ 
ever,  there  was  a  much  smaller  volume  fraction  of 
Ti(Nb)5Si3-(Nb,Tl)  eutectic  in  the  Nb-65Ti-22Si  than 
in  the  i^-70Ti-20Si.  This  composition  probably  met 
the  L + Ti(Nb)5Si3  (Nb,Ti)3Si  peritectic  ridge  below 
the  first  class  II  reaction,  and  followed  a  similar  solidi¬ 
fication  path  to  that  of  the  Nb-70Ti-20Si.  In  some  re¬ 
gions  the  large  scale  (Nb,Ti)3Si  peritectic  can  be  seen 
to  have  consumed  the  primary  Ti(Nb)5Si3. 

3.4.5  Conclusions 

The  microstmctures  generated  in  the  ternary  Nb-Ti-Si 
alloys  investigated  contained  four  phases:  (Nb,Ti), 
Nb(Ti)5Si3,  (Nb,Ti)3Si,  and  Ti(Nb)5Si3.  The  phases  that 
were  observed  were  either  dendritic,  peritectic,  or  eu¬ 
tectic  in  their  scale  and  morphology,  depending  on  the 
composition  and  solidification  path.  These  phases  can 
be  clearly  distinguished  in  the  microstructures  by  their 
scale,  morphology,  and  chemistry. 

Microstructural  and  chemical  evidence  indicates  that 
the  liquidus  surface  of  the  Nb-Ti-Si  ternary  phase  dia¬ 
gram  possesses  the  following  reactions: 


L  +  Nb(Ti)5Si3  ->■  Ti(Nb)5Si3  peritectic 

L  +  Nb(Ti)5Si3  -»■  (Nb,Ti)3Si  peritectic 

L  ->■  (Nb,Ti)3Si  +  (Nb,Ti)  eutectic 

L + Ti(Nb)5Si3  ->■  (Nb,Ti)3Si  peritectic  (assumed) 

L  Ti(Nb)5Si3  +  (Nb,Ti)  eutectic 

These  reactions  give  rise  to  the  following  class  II  reac¬ 
tions: 

L  +  Nb(Ti)5Si3  ^  (Nb,Ti)3Si + Ti(Nb)5Si3 

L  +  (Nb,Ti)3Si  ^  (Nb,Ti) + Ti(Nb)5Si3 

The  first  of  these  class  II  reactions  occurs  at  a  composi¬ 
tion  of  approximately  Nb-bbTi- 1 9Si,  and  probably  at  a 
temperature  between  1600  and  1 650  °C.  The  second  of 
these  class  II  reactions  occurs  at  a  composition  of  ap¬ 
proximately  Nb-76Ti-13.5Si  and  a  temperature  of 
~  1 350  °C.  No  ternary  eutectic  was  observed  in  the  com¬ 
positions  that  were  investigated.  Further  studies  of  the 
solid-state  phase  equilibria  are  planned. 
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4.  Future  Work 


This  program  has  investigated  toughening  mechanisms 
in  high-strength  DS  composites  with  melting  tempera¬ 
tures  above  1600  °C,  and  has  successfully  demonstrated 
methods  for  toughness  enhancement  in  this  class  of 
materials.  This  work  has  included  studies  of  a  range  of 
composites  from  binary  Nb-Si  alloys,  ternary  Nb-Ti- 
Si  alloys,  and  also  higher  order  alloys  containing  Nb, 
Si,  Ti,  Hf,  Cr,  and  AI.  Composites  of  these  chemistries 
have  displayed  an  attractive  balance  of  high-  and  low- 
temperature  mechanical  properties  with  promising  oxi¬ 
dation  resistance. 

In  addition  to  fracture  toughness,  other  properties,  such 
as  creep  and  oxidation  resistance,  need  to  be  investi¬ 
gated  in  this  class  of  high-temperature  materials,  since 


these  properties  are  critical  for  high-temperature  ap¬ 
plications;  implementation  of  intermetallic-based  com¬ 
posites  depends  on  developing  an  improved  fundamen¬ 
tal  understanding  of  these  properties.  Although  this 
study  has  developed  several  silicide-based  composites 
with  promising  creep  behavior,  further  studies  of  the 
mechanisms  controlling  creep  behavior  are  required. 
Possible  areas  for  further  study  of  creep  mechanisms 
in  this  class  of  materials  include  the  effect  of  the  me¬ 
tallic  phase  strength,  the  role  of  the  volume  fraction  of 
intermetallic,  the  role  of  the  intermetallic  strength,  and 
the  effect  of  the  texture  and  grain  size  of  both  the  me¬ 
tallic  and  intermetallic  phases.  These  contributions  will 
lead  to  the  scientific  bases  needed  for  further  enhance¬ 
ment  of  the  property  balance  in  this  class  of  materials. 
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Situ  Composites  of  Nb-Ti-Si  Alloys,”  MRS  Pro¬ 
ceedings  on  High  Temperature  Ordered  Interme- 
tallic  Alloys  V7,  Vol.  364, 1995,  pp.  943-948. 
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Composite,”  J.A.  Sutliff  and  B  .P.  Bewlay,  to  be  pre¬ 
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